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Abstract

The morning transition of the Planetary Boundary Layer (PBL) plays a critical role in
controlling the evolution of heat, moisture, and depth of this important layer. Entrain-
ment of air from the free troposphere is an important forcing on this transition, yet its role
is not fully understood due to limitations in observing it. A recent advancement in the
ability to measure horizontal advection has allowed a pathway to quantify entrainment
through the closure of heat and moisture budgets using mixing diagrams constructed from
remote sensing observations. This novel budget closure method is tested and applied to
the morning transition using ground-based remote sensing instruments at the Depart-
ment of Energy Atmospheric Radiation Measurement Southern Great Plains (SGP) site.
The result is a dataset of 61 clear air entrainment cases over SGP from 2018-2019 used
to understand the strength and variability of entrainment in the morning transition and
to analyze its relationship to land and synoptic-scale atmospheric conditions. The results
show how the water vapor component energetically dominates the variability in morning
entrainment, with weaker and less variable forcing in conditions of high surface pressure
and anti-cyclonic winds. The analysis demonstrates how entrainment is governed by a
combination of vertical entrainment zone gradients, surface fluxes, surface conditions, and
processes unique to the morning transition. The resulting observational dataset provides
a foundation for testing PBL entrainment theory and furthering our understanding of

land-atmosphere interactions in the PBL morning transition.
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Chapter 1

Introduction

1.1 The Planetary Boundary Layer in Transitions

The planetary boundary layer (PBL) forms the lowest part of the atmosphere where it is
directly shaped by interactions with Earth’s surface. It is the primary zone where turbu-
lent exchange of momentum, heat, and moisture occurs between the land or ocean and
the free troposphere, and thus where land-atmosphere interactions exert their strongest
influence on atmospheric structure. Most human activity takes place within this shallow
layer, therefore the PBL is also where interactions between people and the atmosphere
occur, such as air quality issues, weather hazards, and human-impacting climate processes
(Stull 1988). 1t is a frequently changing layer, with distinctly different structure through-
out the diurnal cycle. The daytime boundary layer is often referred to as the convective

boundary layer (CBL), and is characterized by having a deep, well-mixed layer formed by
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buoyant turbulence from surface heating. Potential temperature and water vapor mixing

ratio are nearly uniform with height in the mixed layer (Holtslag et al. 1986; Stull 1988),
depicted in Fig. 1.1. The daytime CBL is capped by the entrainment zone, which is a
thin but crucial layer with sharp warming and drying vertical gradients, causing warm,
dry air from the free troposphere to mix into the PBL, controlling its growth and prop-
erties (Gryning and Batchvarova, 1994). After sunset, rapid radiative cooling near the
surface compared to slower cooling aloft increases static stability, suppresses turbulence,
and traps cooler air near the ground. This forms the shallow, weakly turbulent, noctur-
nal stable boundary layer (SBL) (Stull 1988), and through this SBL formation process,
the warmer well-mixed air from the daytime CBL can decouple from the nocturnal SBL,
creating a nearly adiabatic mixed layer above the SBL, called the residual layer, with a
capping inversion above. The residual layer forms overnight and can persist well into the
morning. Residual layers may also not be simply the remains of the mixed layer of the
previous day at the same location; the residual layer at a certain site may have formed

elsewhere and be advected in (Stull 1988; Angevine 2020).

Of particular importance in the overall structure is the height of the PBL. There are
many definitions and methods used to obtain PBL height and calculating it is an entire
field of research. Thermodynamic methods include the height of the strongest potential
temperature gradient, the height where potential temperature increases above the mixed
layer value by a threshold, and when the Richardson number crosses a critical value.
Turbulence-based methods define it using a minimum turbulent kinetic energy (TKE)

threshold or when momentum or heat flux crosses zero. More advanced remote sensing
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FIGURE 1.1: (From Tennekes and Driedonks, 1984) Mean values and turbulent vertical
fluxes of virtual potential temperature, specific humidity, and horizontal momentum for
daytime conditions.

methods take the maximum aerosol backscatter gradient, variance-based lidar detection,

and radar refractive index structure parameter (von Engeln and Teixeira 2013, Seibert et

al. 2000, Stouffer et al. 2024).

The PBL is generally understood in the two relatively steady states of the daytime CBL
and nocturnal SBL throughout the diurnal cycle and have long been well-characterized
through observations and modeling (LeMone et al. 2019). However, the transitions
between the SBL and CBL in the morning present a greater challenge for understanding
due to their more complicated nature. Forcings that are negligible during the relatively
steady state periods are more important during the transitions, and process studies need

to consider them (Angevine et al. 2020).

The morning transition between the SBL and the fully developed CBL is primarily driven
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by surface heating caused by the rising sun, and the full transition takes several hours

(Angevine 2008). During this transition, solar heating erodes the nocturnal stable layer,
and the mixed layer deepens rapidly as the boundary layer height increases and engulfs
air aloft typically from residual layers (Stull 1988; Angevine et al. 2001; Blay-Carreras
et al. 2014; Angevine et al. 2020). Figure 1.2 shows a visual of the morning transition
in potential temperature gradient resulting from a Large Eddy Simulation (LES) model.
Observational studies find a quasi-linear increase in mixed layer height during the morning
transition, marking the growth of a convective daytime mixed layer to depths of several
hundred meters within a few hours (Angevine et al. 2001; Halios and Barlow 2018;
Nielson et al. 2022; Henkes et al. 2021). Many processes influence the boundary layer
through the morning transition, and the key challenge to understanding is the need to
include all relevant forcings. Surface fluxes and entrainment at the boundary layer top
play important roles in the growth of the CBL (Angevine et al. 2020). The morning
transition is a highly variable process, and its theoretical description and investigation

has previously been simplified due to limitations in observations (Fritz et al. 2021).

The morning transition is important for air quality, convective inhibition, climate feed-
back, and energy. It does so by controlling the depth of the CBL and entrainment zone,
resulting in implications for human health and weather forecasts (Crook 1996; Dabberdt
et al. 2004; Kalthoff et al. 2011). The morning transition controls the rate of growth and
mixing in the lower boundary layer, which greatly affects air quality (Angevine 2001).
The top of the PBL confines pollutants and other constituents emitted at the surface,

directly affecting air quality and human exposure. This is why PBL height, which rapidly
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FIGURE 1.2: Angevine et al. (2020): Result of an LES modeling of the morning
transition, plotting instantaneous gradient in potential temperature in color.

changes in the morning transition, is an essential parameter in air quality forecasting and
dispersion modeling (Lee et al. 2016). A sharp maximum in wind speed occurs just
above the nighttime nocturnal inversion, forming a low level jet (LLJ) (Blackadar 1957).
Increased wind speed and shear significantly impact wind energy production (Gadde et

al. 2021). During the morning transition, erosion of the nocturnal inversion weakens the
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low-level jet, making the timing and intensity of this transition important for turbine
performance (Stull 1988). Henkes et al. (2021) shows how the morning transition is
also the critical setup period for deep convection. One of the most important implica-
tions of the morning transition is its control on the heat and moisture of the PBL. The
heat and moisture feedback systems between the PBL and the surface can amplify severe
weather and climate issues, including heat waves and droughts, impacting agriculture
and human health (Miralles et al. 2014, 2019; Schumacher et al. 2019; Wakefield et al.
2019; Christian et al. 2020; Benson and Dirmeyer 2021). Along with drought feedback,
PBL and surface coupling involving heat and moisture can also lead to extremes in the
other direction. It has been shown that excessive surface latent heat fluxes can amplify
the re-intensification of tropical cyclones over land and associated excess precipitation
(Emanuel et al. 2008; Arndt et al. 2009; Andersen et al. 2013; Wakefield et al. 2021a).
Therefore, it is imperative to understand how the morning transition controls the heat

and moisture of the PBL in the context of its role in these climate feedback systems.

Because the PBL morning transition has such important implications, it is imperative
to represent it well in models. In numerical weather prediction (NWP) models, the
boundary layer is modeled throughout its stationary and transition stages through a
selected PBL parameterization scheme. The PBL scheme is an important piece of an
NWP model and can be a strong source of bias if modeled incorrectly (Banks et al.
2016). Predicting weather and climate depends on reasonably accurate characterization
of the vertical exchange of heat, moisture, greenhouse gases, and aerosols between the

surface and free atmosphere through the PBL. Modeling this is a challenge because the
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turbulent processes controlling mixing are complex and vary on a wide range of space and
time scales (Seidel et al. 2012). Parameterizations in a chosen PBL scheme can carry bias
and affect the quality of the downstream forecast (Cohen et al. 2015). Thus, a thorough
understanding of the PBL. morning transition is important for improving modeling and

extreme weather forecasts.

1.2 Understanding the Morning Transition Through

Heat and Moisture Budgets

Because the morning transition strongly controls PBL heat and moisture, understand-
ing the role of each forcing requires analyzing budget terms that diagnose mixed-layer
evolution and reveal key physical processes (Stull 1998). These budgets are also critical
for quantifying land—atmosphere coupling, estimating surface fluxes at regional scales,
and improving coupled model representations (Santanello et al. 2009, 2018). Addition-
ally, they provide a concise framework for evaluating boundary layer models, particularly

where entrainment processes are parameterized (Betts et al. 1992).

The mixed layer heat and moisture budgets during the morning transition can be de-
composed into contributions from surface fluxes, entrainment, horizontal advection, and
radiative heating (Betts 1992). Warming and moistening via sensible and latent heat
fluxes, respectively, lead to rapid daytime PBL deepening via convective mixing (Stull

1998). Radiative heating from absorbed downwelling shortwave radiation by aerosols
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contributes positively to the heat budget but is a relatively minor forcing, especially dur-
ing the morning transition when low sun angles limit incoming radiation. Advection is
the horizontal transport of air with different properties, leading to changes in moisture
and temperature. It is an important term for the heat and moisture budgets, and until
recently it has been difficult to measure (Angevine 2020). Entrainment is the process of
air mixing into the PBL from the free troposphere above and is the main subject of this
study. All forcings on the heat and moisture budgets in the morning transition period
are non-negligible, and therefore all must be considered when performing budget closure

analysis (Angevine 2020).

Entrainment at the top of the boundary layer is particularly important in the morning
transition. It occurs when rising convective thermals overshoot the boundary layer top,
turbulently erode the capping inversion, and mix warm, dry free-tropospheric air down-
ward, deepening the PBL and contributing strongly to its heat and moisture budgets
(Stull 1998). Specific to the morning transition, entrainment also occurs due to PBL
encroachment. As the PBL transforms into the daytime CBL, it deepens and grows up-
wards, engulfing air and residual layers aloft. The vertical motion also works to change
the concentration of the air properties as the PBL deepens. This encroachment term is
separate from the normal daytime turbulent mixing and can have a substantial impact on
the heat and moisture evolution in the morning transition (Angevine et al. 2001; Blay-
Carreras et al. 2014; Henkes et al. 2021, Rosenberger et al. 2025). These entrainment

dynamics are depicted in detail in Fig. 1.3. In the morning, most of the warming in
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the mixed layer is due to mixing from above, whether from the upper part of the bound-
ary layer or from entrainment (Angevine 2020). Observations from the Cabauw tower
and subsequent analyses (Driedonks 1982; Angevine et al. 2001) showed that surface
heat flux alone cannot explain the rapid erosion of the stable layer during the morning
transition. Therefore, entrainment at the top of the boundary layer must provide the
dominant source of warming. This is supported by other studies using modeling and in-
direct observations to diagnostically infer entrainment. Henkes et al. (2021) showed that
while surface fluxes contribute during the morning transition, moisture entrainment may
ultimately provide the dominant control on the development of the daytime convective
boundary layer. Large-eddy simulations by Conzemius and Fedorovich (2006) further
demonstrate the central role of heat and moisture entrainment in governing PBL growth,

highlighting how entrainment is tightly coupled to surface fluxes.

A popular way to visualize heat and moisture budgets is to use mixing diagrams (MD).
Betts (1984) first presented mixed layer heat and moisture budgets in two dimensional
vector form, using conserved variable diagrams. These diagrams were particularly helpful
for the depiction of the diurnal cycle of the dry mixed layer over land. This eventually led
to the modern technique of mixing diagrams, which is one of the best methods used to
understand heat and moisture budgets. Fig. 1.4 shows a modern example of a MD from
Wakefield et al. (2023). MDs provide a way to describe CBL moisture and temperature
budget evolution over any time period, and to quantify the relative contributions of
surface fluxes, advection, radiative heating, and entrainment (Betts 1992; Santanello et

al. 2009, 2011).
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FIGURE 1.3: Schematic from Wulfmeyer et al. (2016) showing the many processes
controlling how air from the free troposphere gets entrained into the boundary layer.

1.3 The Issue in Understanding Entrainment in the

Morning Transition

Despite its importance, entrainment remains notoriously difficult to observe, particularly
during the morning transition when the PBL is rapidly deepening and in situ sampling
of the entrainment zone is challenging (Angevine et al. 1998). The entrainment zone is
characterized by sharp gradients, small-scale variability, and motions occurring on much
smaller spatial and temporal scales than interior boundary-layer turbulence, requiring

exceptionally high-resolution measurements (Nelson et al. 1989; Cooper and Eichinger
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FIGURE 1.4: Example of a remotely-sensed mixing diagram of the daytime CBL from
Wakefield et al. (2023).

1994; Liu et al. 2021). As a result, rates of entrainment cannot be measured directly and
must be instead inferred from indirect observations, typically through budget methods
(Lenschow et al. 1999), which previously have depended on uncertain estimates of advec-
tion often taken from models rather than observations (Angevine 1999; Santanello et al.
2005). The elevated position of the entrainment zone at the top of the boundary layer
limits the ability to measure entrainment with ground-based remote sensing (Vila-Guerau
de Arellano, 2004), and insufficient instrument spacing and heterogeneous terrain cause
difficulties in calculating horizontal averages (Driedonks 1982). Consequently, the funda-
mental physical mechanisms governing entrainment and their relationship to boundary
layer properties remains poorly understood, and its representation in large-scale models

causes a bias issue of the PBL being too cool and shallow due to insufficient entrainment
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(Ayotte et al. 1996; Otte and Wyngaard 2001; Fedorovich et al. 2004, Angevine et al.

2020). To date, no large observational dataset of entrainment forcing in the PBL morn-
ing transition exists, preventing a systematic assessment of how entrainment varies across

synoptic and environmental conditions.

Early efforts to observe entrainment relied on intensive field campaigns spanning only
a few days, conducted before modern lidar systems were widely available. These stud-
ies typically used a series of radiosonde launches (Betts and Barr 1996; Barr and Betts
1998) or aircraft measurements (Betts et al. 1992; Grossman 1992) to infer entrainment
parameters through budget methods and mixing diagrams. An influential parameteri-
zation study by André et al. (1978) found entrainment heat fluxes to be approximately
10-30% of surface fluxes under typical daytime convective conditions. Similar conclusions
emerged from the Wangara experiment in Hay, Australia, where Yamada and Berman
(1979) demonstrated that mixed-layer growth and heat budgets were well reproduced
when entrainment heat flux was prescribed as 20% of the surface flux. Observations from
Cabauw in the Netherlands further supported this value, as Driedonks (1981) showed
that a 0.2 entrainment-to-surface flux ratio yielded the most accurate predictions of
mixed layer height during the fully convective daytime periods. However, results from
the First ISLSCP Field Experiment (FIFE) campaign over the Kansas prairie suggested
substantially larger ratios. Using aircraft data, Betts et al. (1992) found values near 0.38
(£0.16) across additional cases, including some low-wind regimes—challenging the com-

monly assumed 0.2 ratio. The Flatland Boundary Layer Experiments similarly showed
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entrainment fluxes to be strong relative to surface fluxes and highly sensitive to synop-

tic influences such as wind shear and subsidence, although their mean results remained
broadly consistent with the 20% parameterization (Angevine et al. 1998). More recently,
the Land-Atmosphere Feedback Experiment (LAFE) conducted at the Atmospheric Ra-
diation Measurement (ARM) Southern Great Plains (SGP) site in 2017 leveraged syner-
gistic ground-based remote sensing systems to produce unprecedented 2D and 3D mea-
surements of wind, temperature, and water vapor throughout the lower troposphere. This
campaign enabled new insights into boundary layer dynamics and land-atmosphere feed-
back (Wulfmeyer et al. 2018). Much of the science produced by LAFE provides direct

motivation for this study.

Despite the advances in understanding PBL entrainment from these studies and field
campaigns, there is still doubt as to how true the entrainment to surface flux relationship
is. The widely adopted Yonsei University (YSU) PBL scheme prescribes entrainment
as 15% of the surface buoyancy flux (Hong et al. 2006; Wulfmeyer et al. 2016). The
classical theory from field campaigns discussed above suggests the buoyancy flux ratio
under idealized daytime conditions to be approximately 0.2. However, in more realistic
boundary layer conditions the presence of gravity waves, wind shear, and subsidence are
expected to exert strong controls on entrainment, calling into question the universality
of a constant ratio (Wulfmeyer 1999a; Conzemius and Fedorovich 2006). Furthermore,
because entrainment fluxes are difficult to measure, only a few observational studies are

available to test model formulations, and those measurements that are available strongly
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suggest that entrainment flux as a fraction of the surface flux is quite variable (Angevine

2008).

Entrainment remains a major source of bias in boundary-layer modeling, particularly
during the morning transition. Insufficient entrainment has been shown to produce PBLs
that are systematically too cool and too shallow in models (Angevine et al. 2020). Baur
et al. (2023) compared nested Weather Research and Forecasting model (WRF') simula-
tions and lidar observations at the Department of Energy ARM SGP site, which revealed
weaker-than-observed drying above the PBL and underestimated mixing into the bound-
ary layer, mainly attributable to coarse vertical resolution in the model that fails to
capture key entrainment-zone processes. Synoptic scale conditions may further compli-
cate the bias issue of entrainment. A study by Banks et al. evaluated the sensitivity
of model bias in WRF to various PBL schemes across different synoptic flow regimes.
They found the model bias to differ substantially based on synoptic flow regime, shown
in Fig. 1.5, with entrainment being a major limitation and source of uncertainty in the
model. The bias difference between synoptic flow regimes was prevalent in the morning
transition, suggesting that synoptic variability of entrainment in the morning transition

may be a leading cause of the different model bias trends.

Furthermore, our limited understanding of entrainment fails to capture the finer nuances
and differences of how it works in the morning transition. Much of our understanding of
entrainment originates from field campaigns focused on the fully developed daytime con-

vective boundary layer; however entrainment during the morning transition may exert a



15

-+-YSU (nonlocal)+MYJ (local) + QNSE (local) + MYNN2 (local) -+ ACM2 (nonlocal) - BOULAC (local) = UW (local) -~ TEMF (nonlocal)
Anavyssos (10 m asl) - Campaign Average Peristeri (55 m asl) - Campaign Average

(a)

-
B —
o
~—
-

e "z';;: .

.
voem
1811
Phe
*

| 3

'

|
4 pds

T2 M8 [C)
2N
W
A
3 o«

2

)
g
=

o0 0300 0500 900 1200 1500 AL 2100 2200 <oz0 oo 0t0d 0900 1200 1500 1200 100 %0
Time [UTC) Time (UTC)
™) .
(¢) , Ladsal
-~ ‘\.‘.
- ..
" AT I e
= - .- e e >
% ST L AT
T ’ e,
g t_.‘.:!?‘,,f;rr'. > o t~‘_: \:‘_gh-‘q
RSP et St .
1! 4 o -
R DN 2 » »
20 3
0000 0300 0600 20 1200 1500 1820 n0 20 000 30 o800 0900 1200 1520 1900 2100 2300
Time [UTC) Time [UTC)
L} L
(e) " (f) 7
. 5 i .
—_ BTN ® s Wiy 55 —
2 {SIR S ~W% A s
v i “Sea™ y bt =¥
LR ey 1 |
! 3 ! 3 — .,t.n.\g_‘ "
o e . ‘/! A ‘\7 . o
g’ 3 e r.‘_“”‘»"{ RS o -t
2 ' g 1 ':“'.g‘ s S T R gvi
!st« R S
° °
“a “
os08 0300 60 o 1200 1500 1800 2100 2300 ot 6300 0802 0300 1200 1500 1400 2100 2%
Time [UTC) Time [UTC)

FIGURE 1.5: Plots from Banks et al. (2016) showing campaign-averaged WRF model
mean bias for 2-m temperature, 2-m RH, and 10-m wind speeds at two different stations
(Anavyssos and Peristeri), representing coastal and inland influences, respectively.

different influence on PBL evolution. Under idealized conditions, the ratio of entrainment
to surface flux is expected to be substantially larger during the morning transition than
during the daytime CBL (Angevine et al. 2001). Moreover, entrainment in mixed-layer
budgets is typically treated solely as the turbulent flux across the PBL top. However,
entrainment also includes the additional encroachment term as the mixed layer deepens,
which becomes especially important during the morning transition and is necessary for
closing mixed-layer budgets (Rosenberger et al. 2025). This suggests that total entrain-

ment forcing in the morning transition differs markedly from its daytime counterpart and
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FIGURE 1.6: Mixing diagrams created from slab-averaged LES model output from

Rosenberger et al. (2024). The thin orange component of the entrainment vector

represents the encroachment term. This study shows encroachment as a substantial
part of entrainment in the morning over three different PBL height definitions.

likely interacts with environmental conditions in distinct ways.

Morning boundary-layer growth is also influenced by the residual layer (Deardorff 1974;
Sorbjan 1996; Blay-Carreras et al. 2014), and its impact on entrainment is not fully
captured in entrainment theory focused on daytime conditions. Using FIFE observations,
Freire et al. (2013) demonstrated that the residual layer substantially alters mixed-layer
growth in slab models, decoupling entrainment behavior from surface fluxes. Large-
eddy simulations and observations from the Boundary-Layer Late Afternoon and Sunset
Turbulence campaign (BLLAST) further show sudden boundary-layer deepening when
the mixed layer grows into a well-defined residual layer, emphasizing the importance of
nocturnal boundary-layer dynamics for subsequent morning evolution (Blay-Carreras et
al. 2014). Residual-layer entrainment has also been identified as a key control on the

potential for deep convection later in the day (Henkes et al. 2021).

In summary, while entrainment is clearly central to morning-transition boundary-layer
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development, uncertainties remain regarding how it varies with local and synoptic-scale
conditions. This knowledge gap continues to limit effective parameterization in numerical
models, contributing to biases and motivating the need for observation-based characteri-

zation of entrainment forcing during this critical transition period.

1.4 New Opportunities Through Advancements in

PBL Measurements

Recent advances in ground-based remote sensing have expanded our ability to observe
planetary boundary layer (PBL) structure with high temporal and vertical resolution.
Early work by Wilczak et al. (1996) emphasized that much of the progress in understand-
ing PBL transitions has been driven by ground-based remote sensing observations. Build-
ing on this foundation, an innovative network of scanning remote sensing instruments
was introduced at SGP that is capable of providing comprehensive, model-independent
datasets to characterize land-atmosphere feedback (Wulfmeyer et al. 2018). These ob-
servational capabilities now allow detailed characterization of thermodynamic evolution,
turbulence, and boundary layer growth across diurnal transitions at the SGP site in north
central Oklahoma. This site experiences diverse synoptic-scale weather patterns, due to
the El Nino Southern Oscillation (ENSO) climate variability pattern having an outsized
influence on weather patterns over the Southern Great Plains (Ropelewski and Halpert
1986), as well as synoptic scale influences from the Great Plains Low Level Jet (LLJ).

However the site also has a homogeneous landscape characterized by grazing fields and
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wheat crops, posing it as an excellent site to study local land-atmosphere interactions

and how synoptic conditions can influence them.

Despite these advances at SGP, closing the heat and moisture budgets of the PBL has
historically remained challenging. Numerous studies (Kustas and Brutsaert 1987; Peters-
Lidard and Davis 2000; Santanello et al. 2005) have shown that, aside from entrainment,
horizontal advection represents a dominant source of uncertainty in PBL energy budgets.
Until recently, advection was often estimated or ignored in observational frameworks
such as mixing diagrams. However, recent developments by Wagner et al. (2022) now
allow observational estimates of advection, enabling closure of heat and moisture budgets
through observations with entrainment as the only unknown. This breakthrough allows
entrainment forcing to be diagnosed directly as the residual of the budget, representing

the combined effects of turbulent mixing and PBL encroachment.

These advances have developed the mixing diagram framework as a diagnostic tool.
Wakefield (2023) demonstrated the feasibility of constructing mixing diagrams using the
comprehensive suite of remote sensing instruments at the ARM SGP site, establishing
a pathway for retrieving entrainment forcing from observations. With accurate advec-
tion measurements available, this approach can be extended beyond the daytime con-
vective boundary layer to the morning transition period. For the first time, this enables
observation-based estimates of total entrainment forcing during the morning transition
over SGP, opening new opportunities to investigate the physical controls on this critical

phase of boundary layer diurnal evolution.
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1.5 Research Objectives

There has been much focus on understanding entrainment as a ratio to surface buoyancy
flux; however, the resulting relationship may only hold true for the daytime CBL, and
there is much doubt in the literature as to how true the relationship is. Entrainment is
influenced by a broader set of factors, including large-scale atmospheric conditions and en-
vironmental variability, such as soil moisture, wind shear, gravity waves, and subsidence,
which are not yet well understood. Moreover, entrainment during the morning transi-
tion may behave much differently than during the daytime CBL, owing to residual layer
interaction and PBL encroachment. Despite its importance, morning transition entrain-
ment has received relatively little attention, largely due to observational limitations. The
development of a large observational dataset of morning transition entrainment forcings
at SGP therefore represents an opportunity to explore these uncertainties. The primary

research questions addressed in this study are:

1. How does the entrainment forcing in the PBL morning transition vary with land and

synoptic-scale atmospheric conditions?
2. How do processes unique to the morning transition impact the entrainment forcing?

To address these questions, this study applies the mixing diagram technique with entrain-
ment diagnosed as the residual of the heat and moisture budgets, producing a dataset
of morning transition entrainment forcings. This dataset is analyzed alongside key en-

vironmental variables from remote sensing, radiosonde observations, and reanalysis data
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products. In addition, targeted case studies are used to show nuances of the PBL struc-

ture and to explore the physical mechanisms governing entrainment during the morning
transition. The results will help determine whether entrainment during the morning
transition exhibits variability consistent with existing parameterizations or whether dis-
tinct relationships emerge, thereby informing future model development and improving

representation of diurnal boundary layer processes.
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Chapter 2

Data and Methods

This chapter starts by describing the observational datasets used in this study and then

explains the details of the mixing diagram (MD) and self-organizing map (SOM) methods.

2.1 Observational Site: DOE ARM Southern Great

Plains

All the observational data are obtained from instruments at the Department of Energy
Atmospheric Radiation Measurement (ARM) site in the Southern Great Plains (SGP),
located in central Oklahoma near the town of Lamont. The SGP site has a flat, hetero-
geneous landscape consisting mainly of cattle pasture and wheat crops. ARM SGP is
equipped with a vast wealth of remote sensing instruments, facilitating advanced obser-

vations of the boundary layer and lower troposphere for many different applications.
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2.2 AERI

Data from the Atmospheric Emitted Radiance Interferometer (AERI) instrument are a
fundamental part of the observations for this study. AERI is a ground-based remote
sensing instrument that measures downwelling spectral infrared radiation with a spec-
tral resolution of 0.5 cm-1 and a maximum sample frequency of approximately twice per
minute (Knuteson et al. 2004). The Tropospheric Remotely Observed Profiling via Op-
timal Estimation (TROPoe) is used to retrieve thermodynamic profiles from the AERI
spectral radiance observations (Turner and Lohnert 2014; Turner and Blumberg 2019).
An advantage of this optimal estimation framework is that it provides quantified uncer-
tainties and error characterization for each retrieved variable. Typical uncertainties from
TROPoe retrievals in the lower half of the mixed layer are 0.4 K and 0.8 g/kg for tem-
perature and moisture, respectively (Blumberg et al. 2017). These uncertainties can be
used in the calculation of derived variables, as well as land-atmosphere coupling metrics
(Wakefield et al. 2021). In this study, the uncertainty derived from TROPoe is useful
for propagating into the uncertainty of the entrainment residual from the mixing dia-
gram approach described below. This study uses AERI retrieved thermodynamic profiles

collocated at the central facility of ARM SGP during 2018 and 2019.

2.3 Doppler Lidar

The Doppler lidar (DL) is an instrument used in this study to observe the vertical profile of

wind, which can be used to calculate horizontal advection rates of potential temperature
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and water vapor mixing ratio. The DL is an active remote-sensing instrument that

measures range and time-resolved radial velocity and attenuated aerosol backscatter by
transmitting short pulses of near-infrared laser light into the atmosphere. Aerosols scatter
a portion of this light back to the instrument, and the time delay between transmission and
return is used to determine distance. Radial velocity is derived using coherent detection,
in which the backscattered signal is mixed with a reference beam to measure the Doppler
frequency shift from the signal spectrum. From this, observations at a fixed elevation
angle at different azimuths can be used to determine the vertical wind profile. The
DL provides reliable measurements in regions with sufficient aerosol loading—typically
within the atmospheric boundary layer. With full scanning capability, the instrument can
map three-dimensional wind fields, while vertical stares provide high-resolution profiles

of vertical velocity (Newsom et al. 2022).

2.4 Surface Flux Observations: ECOR

This study uses the Eddy Covariance (ECOR) flux measurement system to measure sen-
sible and latent heat fluxes in 30 minute intervals. Turbulent fluxes are derived from
the 30-minute averaged covariances of vertical velocity and scalar thermodynamic vari-
ables (Cook and Sullivan 2020). The ECOR system is located at the central facility at
ARM SGP, collocated with the AERI and radiosondes used in this study. Calibration
uncertainties of 5% for sensible heat flux and 6% for latent heat flux exist in the ECOR
measurements (Cook and Sullivan 2020), which will be propagated into the uncertainty of

the entrainment residual in the mixing diagram framework . A quality-controlled value
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added product (QCECOR) was introduced to correct known shortfalls of 10%-25% in

observed fluxes (Tang et al. 2019; Cook and Sullivan 2020), resulting in improvements
to PBL budget closure. Surface fluxes from the corrected QCECOR dataset are used in

this study.

The mixing diagram method from Wakefield et al. (2024) calculates surface fluxes as the
average of both ECOR and the Energy Balance Bowen Ratio (EBBR) system collocated
at ARM SGP. The mixing diagram method in this study follows closely to that in Wake-
field et al. (2024); however a key difference in this study is that the surface fluxes are
calculated using only the ECOR system. The EBBR system calculates surface fluxes by
solving the surface energy balance and partitions the available energy using the Bowen
ratio. However, in the early morning evolution, sensible heat flux changes sign and latent
heat flux ramps up quickly, causing a very large or undefined Bowen ratio, resulting in
unrealistic spikes in calculated surface fluxes (Tang et al. 2019). Furthermore, many
EBBR datasets flag or remove data from the morning period for this reason. Wakefield
et al. (2024) applied the mixing diagram method only to the daytime CBL state, inten-
tionally not capturing the morning or evening transitions. Because this study is applying
the mixing diagram method directly to the morning transition, the EBBR system can not
be used to obtain accurate surface flux measurements, and therefore the ECOR system

is the sole source of surface flux data used in this study.
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2.5 Advection Observations: AERI + Doppler Lidar

Advection is an important component of mixing diagram (MD) analyses, but it has
historically been difficult to quantify, especially when advection in a vertical structure is
needed for a mixed-layer mean analysis like the one used in this study. However, recent
work by Wagner et al. (2022) addressed this limitation by using a finite approximation to
Green’s theorem to calculate advection from AERI retrievals combined with collocated

Doppler lidar measurements at the ARM SGP site.

frieau - [[ (22 u o)

Green’s theorem is shown in Eqn. 2.1, where a line integral of a boundary is related to the
integral of the area inside. Using this equation, the line integral on the LHS, computed at
SGP with the collocated instruments, can approximate the RHS of the equation. Using
the correct substitution of the placeholders P and Q for this method, the line integral can
be used to approximate kinematic profiles of vorticity, deformation, divergence, and heat
and moisture advection. The Doppler lidar horizontal wind profiles are retrieved via an
optimal estimation technique (Baidar et al. 2023), providing coverage throughout the full
depth of the boundary layer. These wind profiles are interpolated onto the vertical grid of
the TROPoe retrievals, and advection is calculated independently at each level to obtain
profiles of temperature and moisture advection. Uncertainty in both thermodynamic
and kinematic fields is quantified through Monte Carlo sampling. This framework yields

advection estimates at vertical levels within the PBL, enabling improved representation of
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advection in moisture and energy budgets across the mixed layer. The resulting advection

data product for years 2018 and 2019 are used to compute the advection component of
the budgets in this study. The approach used to measure advection in Wagner et al.
2022 requires 6 different instruments to operate simultaneously. This requirement leads
to issues in data availability due to the difficulty of observing cases with the entire synergy
of sensors operating properly. This results in missing cases within the available 2018 and
2019 dataset; in particular there are no cases in November through December in both

years.

2.6 Mixed Layer Definition

The mixed layer definition in this study follows the same definitions in Wakefield et al.
2023. The main innovation by Wakefield is that the entire mixed layer of the PBL is
considered instead of only 2 m observations. The defined mixed layer in this study is
the area over which the vertically averaged evolution of heat and moisture is observed in
the heat and moisture budgets. It is defined as the area between 0.1zi and 0.5zi, where
zi denotes the height of the PBL. The lower limit of 0.1zi is defined to avoid sampling
of the surface layer, which is typically within the lowest 10% of the PBL. The upper
limit of 0.5zi is chosen to avoid sampling of the entrainment zone, and minimizes the bias
from the AERI-derived temperature and moisture profiles, as the bias has been shown to

increase rapidly above the limit of 0.5zi (Blumberg et al. 2017).
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2.7 Mixing Diagrams

The mixing diagram framework in this study follows the same conservation formula de-

rived for the mixed-layer heat and moisture budgets of Eq. 4 in Wakefield et al. (2023):
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Where ¢ is the scalar of potential temperature or water vapor mixing ratio, k is the
scaling constant (C, or L), d{¢)/0t is the time tendency of the scalar, (—v - V;¢) is
the horizontal advection of the scalar, F} is the surface sensible and latent heat flux, and

k(Qr) is the radiative heating component of the heat budget. The two terms
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dp dp
represent the turbulent mixing and encroachment terms of entrainment, respectively, and
are considered collectively as the total entrainment in the mixing diagram analysis. This
equation provides the overall framework of how each vector of the mixing diagram is
partitioned to equate to the total time tendency of the scalar over the mixed layer. The
result in graphical format is shown in Fig. 2.1, which shows a representative mixing

diagram constructed for the morning transition for a particular case.
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FIGURE 2.1: Representative case of a mixing diagram constructed from remote sensing
observations at SGP. This case was on 22 March 2019, and the mixing diagram repre-
sents the morning evolution from 1230 to 1630 UTC.

2.7.1 Graphical Representation: Moisture and Temperature Evo-

lution

The evolution of potential temperature and moisture in the mixed layer is represented by
the black curve in the mixing diagram. Each point on the curve represents the average

heat and moisture content within the mixed layer at that time, and the points are in
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30 minute intervals. The values come from thermodynamic profiles derived from AERI,

with the y-axis representing the mean mixed layer potential temperature multiplied by
the specific heat capacity, and the x-axis representing the mean mixed layer water vapor
mixing ratio multiplied by the latent heat of vaporization. Each point is subtracted by

the starting values of heat and moisture to standardize the curve to start at zero for each.

2.7.2 Graphical Representation: Surface Fluxes

The surface flux vector reflects the contribution of both latent and sensible heat fluxes
toward the PBL evolution. They are calculated as the mean surface fluxes during the
analysis period scaled by the mean boundary layer depth. The x component of the vector
is computed by multiplying the mean surface latent heat flux by the length of the time
period in seconds and dividing by the mean boundary layer depth over the time period.
The y component is calculated in the same way, but by replacing the mean latent heat

flux with the mean sensible heat flux.

2.7.3 Graphical Representation: Advection

The advection vector represents the overall contribution of the heat and moisture evolu-
tion of the mixed layer by horizontal advection. Advection data comes from the advection
product created from Wagner et al. (2022), which is discussed above in greater detail.
The advection data is in rates on multiple vertical levels within the PBL at 30 minute

intervals. The advection vector is calculated by taking the average advection rate over
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the mixed layer at each time step and multiplying it by the length of the time step, then

summing them all over the total observation period.

2.7.4 Graphical Representation: Radiative Heating

Radiative heating is represented in the heat budget as the small red dot in the mixing
diagram in Fig. 2.1. The radiative heating component of the heat budget can be computed
directly using TROPoe-retrieved thermodynamic profiles in a short and longwave version
of the RRTM radiative transfer model (Mlawer et al. 1997; Iacono et al. 2008) to compute
profiles of total radiative heating rate within the PBL. To be consistent with Wakefield et
al. (2023) an aerosol optical depth (AOD) of 0.4 was assumed for all cases in the RRTM
model. The radiative heating vector is then obtained by summing the product of the
mixed-layer mean radiative heating rate and time step for all time steps in the period.
This total radiative heating amount is then multiplied by the specific heat capacity to
get the energy impact on the heat budget. The total radiative heating contribution to
the heat budget is small, especially in the morning transition when the sun angle is low
and the PBL is shallow. For example, the case occurring on 12 June 2019 had a radiative
heating contribution of 0.06 kJ/kg in the morning hours between 12:30 and 16:30 UTC,
whereas the radiative heating contribution during the daytime hours of 16:30 to 20:30
UTC on this day was 0.23 kJ /kg. Although the radiative heating is small in the morning

transition, it is still an important component to consider in the heat budget.
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2.7.5 Graphical Representation: Entrainment

The entrainment vector in the mixing diagram is calculated as the residual amount be-
tween the evolution of the mixed layer heat and moisture and the sum of the other vector
components. This vector represents the total energy contribution to the heat and moisture
budgets from total entrainment, including both the turbulent mixing and encroachment
terms in Eqn. 1. During typical clear air entrainment, we expect to see positive energy
contributions for the heat budget and negative contributions for the moisture budget,
because entrained air from the free troposphere is typically warmer and drier than the

mixed layer.

2.8 Uncertainty Calculation

The uncertainty in entrainment quantification using this mixing diagram framework is an
important consideration. The uncertainty structure is difficult to quantify analytically
because the entrainment estimate depends on several instruments with distinct error char-
acteristics that interact non-linearly within the mixing diagram framework. Therefore, a
Monte Carlo approach is well-suited, as it enables repeated random sampling from each
measurement’s uncertainty distribution and captures how these combined uncertainties
propagate into the final entrainment estimate. To calculate the uncertainty, a Monte
Carlo approach is used that propagates the uncertainties of all the distributions of the

measurements with a standard deviation of the uncertainty of that measurement. Each
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randomly sampled simulation constructs a mixing diagram, and consequently an entrain-

ment estimate through the budget closure. This randomly sampled mixing diagram is
repeated for 1000 simulations, resulting in 1000 randomly sampled entrainment estimates.
A sample size of 1000 simulations provides a stable estimate of the resulting uncertainty
distribution, as the Monte Carlo mean and standard deviation converge sufficiently while
keeping computational costs reasonable. The standard deviation of this set of randomly
sampled entrainment estimates is taken to be the uncertainty for the case. The same
mixing diagram case shown in Fig. 2.1 is shown in Fig. 2.2 with error bars included for

each vector showing the resulting uncertainties from applying this Monte Carlo approach.

The TROPoe retrievals for thermodynamic profiles used in calculating the heat and mois-
ture evolution of the mixed layer include uncertainties for both scalars. These uncertain-
ties are propagated into the monte carlo sampling for the starting and ending value of
mean mixed layer potential temperature and water vapor mixing ratio for the period of
study. For surface fluxes, latent heating measurements from ECOR have an uncertainty
of 6%, and sensible heat has an uncertainty of 5% (Cook and Sullivan 2020). The PBL
height is also a parameter in the calculation of surface fluxes, as the total energy con-
tribution from them is standardized by PBL height. Therefore, the uncertainty in PBL
height propagates through random sampling of the surface fluxes. The advection data
product contains uncertainties in the derived water vapor and potential temperature ad-
vection rates which are calculated themselves with a Monte Carlo approach (Wagner et

al. 2022). However, the advection data also contains a posterior covariance matrix with
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FIGURE 2.2: The same mixing diagram from Fig. 2.1 with errors bars resulting from
applying the Monte Carlo method for calculating uncertainties in the budget terms and
resulting entrainment estimate.

the TROPoe thermodynamic retrievals that is also randomly sampled and propagated

through to the total uncertainty in the advection budget term.

2.9 C(Case Definition

Due to the complicated nature of the mixing diagram method and the sensitivity of the

instruments involved, having strict case selection criteria is critical for the method to
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be valid. Each case is defined as the time window of sunrise to four hours after sunrise

specific to each day. There must be no precipitation, no active synoptic fronts, and a
cloud fraction of less than 20% if the cloud base height is less than 4km to avoid low
level cloud entrainment processes. Furthermore, all instruments need to be functioning
properly throughout the entire time period with reasonable accuracy. A threshold of 2
kJ/kg of uncertainty is enforced for the final entrainment estimate, with any cases of

entrainment with uncertainty greater than that being removed.

2.10 Self-Organizing Maps (SOMs)

This study uses Self-Organizing Maps (SOM) to categorize cases by synoptic-scale con-
ditions. The large-scale meteorological data used to construct the SOMS came from
the European Centre for Medium-Range Weather Forecasts (ECMWEF) ERA5 reanalysis
dataset (Hersbach et al. 2020). ERA5 provides hourly, gridded atmospheric fields with
global coverage and high spatial resolution. For this study, a regional subset centered
on the ARM SGP site was extracted. The variables from ERAS used to define synoptic-
scale conditions were mean sea level pressure (MSLP), 10-m zonal wind (ul0), and 10-m
meridional wind (v10). These fields were selected because they capture the near-surface
pressure gradient and associated flow patterns that govern boundary layer forcing. To
ensure consistency with the observational analysis, ERA5 data were filtered to include

only days corresponding to the available entrainment cases.

Before the main SOM algorithm, preprocessing and feature construction were performed.
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For each retained time step, the mean sea level pressure (MSLP) field was reshaped
from a two-dimensional latitude—longitude grid into a one-dimensional feature vector,
where each vector represents the spatial pressure pattern at that time step. To ensure
equal weighting across spatial features, all MSLP values were normalized using min—max

scaling:

L — Tmin
=T (2.3)
Tmax — LTmin
This normalization prevents large absolute pressure values from dominating the clustering
process and ensures that the SOM is sensitive to spatial patterns rather than magnitude
alone. These normalized values were then used in the SOM algorithm, an unsupervised

neural network that groups high-dimensional data onto low-dimensional discrete nodes

while preserving the multi-dimensional features of the data.

The algorithm works by initializing random weights and training on the normalized MSLP

vectors. The training procedure follows the standard SOM iterative process:

wilt + 1) = wi(t) + at) ha(t) [x(t) — wi(t)] (2.4)

where w; is the weight vector for node 7, a(t) is the learning rate, h.;(t) is the neighbor-
hood function centered on the best matching unit (BMU), and x(t) is the input vector

at iteration t. The parameters chosen for the SOM algorithm used in this study include
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a learning rate of 0.5, neighborhood width of 1.0, and 1000 training iterations. These

parameters were selected to produce a simple, interpretable classification of synoptic-scale
regimes. After training, each ERA5 time step was assigned to a SOM node by identifying
the best matching unit (BMU), defined as the node whose weight vector minimizes the
distance to the input vector. Each day in the dataset was therefore classified into one
of two synoptic regimes. Then, for each SOM node, composite fields of MSLP and 10-m
winds were computed by averaging all ERA5 fields assigned to that node. These com-
posites were used to visualize the characteristic synoptic structure associated with each
regime, including pressure patterns and near-surface wind fields. Additionally, monthly
case counts were calculated by grouping days by calendar month and node membership

to analyze seasonal variability of each SOM node.
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Chapter 3

Results

3.1 Synoptic and Surface Dependence of Morning

Entrainment

Using the mixing diagram method, a dataset of morning transition PBL entrainment
forcings in energy units [kJ/kg] was constructed, consisting of 61 cases. The entrainment
forcings represent the total energy input to the mixed layer value due to entrainment.
Physically, clear air PBL entrainment is expected to consist of warm, dry air relative to the
mixed layer in the morning transition (Davis et al. 1997). Warm air entrainment in the
results is signified as a positive energy value in the heat budget, and dry air entrainment
is signified as a negative energy value in the moisture budget. Table 3.1 displays the

average values and standard deviations for each potential temperature and water vapor
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forcing in this study to show the relative magnitude for each. The resulting dataset
will be used throughout this study to address the proposed questions on the synoptic
and environmental variability of entrainment and the unique aspects of entrainment over
the morning transition. To address the question of synoptic and large-scale influence

on morning entrainment, we first need to categorize the cases into different synoptic

Theta WV Theta WV Sensible Latent Radiative

Entrainment | Entrainment | Advection | Advection | Heat Flux | Heat Flux | Heating
Mean Value 2.39 -3.61 -0.57 0.19 5.13 3.347 0.02
SD 2.17 2.61 2.04 0.96 2.03 2.22 0.20

TABLE 3.1: Mean value and standard deviation in kJ/kg over all 61 cases for each
mixed layer heat and moisture budget term calculated in this study.
regimes. This is accomplished by applying the self-organizing map (SOMs) technique to
horizontal winds and mean sea level pressure from the ERAS reanalysis for the 4 hour
morning window for each case used in this study. The technical aspects of the SOM
method are discussed in detail in the methods section 2.10. Building the SOMs results
in a set number of nodes that group similar synoptic-scale conditions together; the mean
state for each node is thus a representative value for each state in the node. The analysis
in this study uses 2 SOM nodes in this study for synoptic categorization, which was
motivated by multiple reasons. First, when examining the results with various amounts
of synoptic nodes, distinct results were consistently observed in similar nodes of high-
pressure and anticyclonic wind patterns, as well as low-pressure pattern nodes. Figure
3.1 displays the results of categorizing water vapor entrainment using 4 nodes, resulting
in distinctly weaker entrainment within nodes 3 and 4, as well as distinctly stronger

entrainment within nodes 1 and 2. Therefore, the two-node approach was chosen to
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FIGURE 3.1: (a) The resulting pressure/wind maps of 4 SOM nodes and (b) forcings
of water vapor entrainment categorized into the 4 SOM nodes.

isolate the observed effect of this pressure pattern, and provide the most intuitive analysis
of the role of synoptic conditions on entrainment. Also, a lower SOM node count of 2
is more appropriate for the case count of 61 in this study. Using self-organizing maps,
even with a lower node count, is important because it preserves the multi-dimensional
nature of synoptic conditions defined in this study. Grouping cases by an average pressure
threshold would ignore the finer nuance of synoptic patterns that exists within the cases.
Using the two-node approach, the resulting SOM nodes from this method resemble one
node with a lower pressure pattern, and one node with higher pressure and anticyclonic
wind pattern. These SOM nodes and corresponding monthly distribution of cases are
displayed in Fig. 3.2. The mean difference in sea level pressure between the two nodes is
10.83 hPa. These nodes categorize cases into the respective synoptic conditions; hereafter
referred to as the high-pressure node and the low-pressure node, respectively. The high-
pressure node contains 31 cases, and the low-pressure node contains 30 cases, resulting

in the two SOM maps and the distribution of case counts per month for each node. The
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FIGURE 3.2: Self organizing map nodes for synoptic regime classification resulting from
ERAS5 surface winds and pressure data, with case counts by month for each node.

total cases available for this study span only the months of January to July. In the
monthly spread, there is some observed seasonality to the nodes, with the high-pressure
node containing more winter months and the low-pressure node containing more summer
months. However, there is strong overlap in the seasonality of the nodes, noting February
cases in node 1, and a substantial overlap with March and April days making up 15 cases

in node 1 and 21 cases in node 2.

By categorizing the entrainment dataset into the two synoptic nodes, entrainment forcings
can be analyzed in the context of synoptic conditions. Fig. 3.3 displays the spread
in entrainment forcing between the synoptic nodes. The error bars are calculated by
taking the standard deviation of the spread of entrainment estimates from 1000 Monte
Carlo simulations for each case, leveraging the known uncertainties for each measurement.

This calculation is described in detail in the methods section. The average uncertainty in
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FIGURE 3.3: Results of entrainment forcing in the morning transition over all 61 cases
grouped by synoptic node for (a) water vapor entrainment and (b) theta entrainment.
Error bars included as the standard deviation from 1000 simulation Monte Carlo sam-

pling.

entrainment value is 1.16 kJ /kg for water vapor and 0.82 kJ /kg for potential temperature.
These values are similar to entrainment uncertainty found in Wakefield et al. (2023),
which uses a similar mixing diagram method to the one used in this study. For both
water vapor and potential temperature, weaker entrainment forcings are observed in the
high-pressure node and larger, more variable forcings are observed in the low-pressure
node. To test the statistical significance of whether entrainment differs between synoptic
regimes, a two-sample Welch’s t-test was performed comparing the entrainment forcings
between the synoptic nodes. Welch’s test was chosen to account for the unequal sample
sizes between nodes. For water vapor entrainment, the difference in mean value between
nodes was statistically significant (p j 0.05), indicating a substantial impact from synoptic
conditions. The difference in potential temperature entrainment approached significance

(p = 0.056) at the 95% level, suggesting a weaker synoptic influence compared to water
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vapor.

Together, these results demonstrate that while both scalars exhibit some sensitivity to
synoptic nodes, water vapor emerges as the dominant contributor to synoptic variability
in mixed-layer energetic input by entrainment during the morning transition. The domi-
nance of water vapor in synoptic variability of entrainment in the morning transition may
be due to a combination of factors that will be explored in the subsequent sections. Since
converting water vapor perturbations into energy units weights it by the latent heat of
vaporization (Lv) factor, which is much greater than specific heat capacity, smaller vari-
ations in moisture produce stronger energetic impacts to the mixed layer than potential
temperature. This may be amplified by vertical moisture gradients that are typically
sharper than potential temperature vertical gradients in the morning from nighttime de-
coupling of the residual layer. Furthermore, the encroachment term of entrainment in the
morning transition creates a sensitivity to changes in column temperature and moisture
above the PBL, of which moisture can be modulated stronger from advection. Together,
these factors can make water vapor entrainment highly sensitive to synoptic conditions,

explaining its amplified variability.

To investigate this hypothesized role of vertical gradients driving entrainment variability
with remote sensing observations, AERI-derived vertical profiles of water vapor and tem-
perature, standardized to the mixed layer mean for each, are analyzed. The standardized

gradients represent how quickly the properties of the air change above the mixed layer
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FIGURE 3.4: (a) A case showing a good representation of the vertical profile of theta

and water vapor mixing ratio anomalies, standardized to the mixed layer mean for each

variable. (b) Water vapor entrainment values regressed on the water vapor gradient

from 50m below to 100 m above the PBL height at sunrise (c) similar regression, but

with theta entrainment regressed on the theta gradient. Both color coded by synoptic
node.

with height. Using this method, it is observed in Fig. 3.4a that the standardized nega-
tive gradient of water vapor mixing ratio around the PBL height is much sharper than
the positive gradient in potential temperature during the morning transition. Fig. 3.4a
shows a representative case of this difference in gradient. To quantify the water vapor
and potential temperature gradients across the entrainment zone (EZ), a measure of the
gradient value from 50 meters below to 100 meters above the estimated PBL height is
taken. Taking the gradient in this zone will sufficiently capture the magnitude of the
gradient in water vapor and potential temperature across the EZ, which is known to have

a thickness on the order of tens to a few hundred meters (Davis et al. 1997; Pal et al.
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2010). Larger gradient zone measurements were tested in this study as well, where similar
but weaker results were produced. The entrainment values of water vapor and potential
temperature for each case are regressed against their respective gradient variables, shown
in Fig. 3.4b and 3.4c. The results in these figures show the entrainment rates of wa-
ter vapor follow strongly to its respective gradient at sunrise, with an r value of 0.71.
However, potential temperature entrainment values do not have as highly correlated of
a relationship to the potential temperature gradient values at sunrise with an r value of
0.42. These results show that water vapor entrainment appears to be more sensitive to
vertical gradients than potential temperature entrainment. Of note is an outlier in the
water vapor gradient included in the cases, observed as the farthest right dot in the water
vapor regression chart in Fig. 3.4b. The nuances of this case will be the subject of a later

case study.

Fig. 3.5a-b shows the time series of vertical EZ gradients averaged by synoptic node for
each scalar, and Fig. 3.5c-d shows the vertical EZ gradients at sunrise grouped by the
synoptic node categories. There is a similar distribution over the nodes for the water
vapor gradient values, where there are stronger and more variable gradients in water
vapor within the low-pressure node. However, the distribution of potential temperature
gradients seems to be almost identical between synoptic nodes. Furthermore, plotting the
time series mean EZ gradient per synoptic node for both variables (Fig. 3.5a and 3.5b)
shows a clear difference in water vapor EZ gradient, and an identical trend in potential
temperature EZ gradient between synoptic categories. The synoptic conditions considered

in this study appear to have a stronger impact on the EZ gradient for water vapor than
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(a) Mean Water Vapor EZ Gradient by Synoptic Node (b) Mean Theta EZ Gradient by Synoptic Node
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FIGURE 3.5: Time series of the average vertical entrainment zone gradient of (a) water

vapor and (c) theta throughout the 4 hour morning window for each synoptic node.

Distribution between synoptic nodes of the vertical entrainment zone gradient in (b)
water vapor and (d) theta at sunrise time.

for potential temperature. There is strong variance in the potential temperature EZ
gradient observed over the cases in this study, however there is no apparent synoptic
condition influence on it. Entrainment rates are sensitive to the EZ gradient, and the
gradient in water vapor appears to be influenced much more by synoptic conditions.
Therefore, EZ gradients must be a key driver to the variability pattern observed in water
vapor entrainment, while not meaningfully driving the variability in potential temperature
entrainment. EZ gradients are shown to have a close relationship with entrainment,
however there are additional factors that need to be considered in the relationship between
entrainment variability and atmospheric conditions. Previous studies have shown how

surface fluxes are strongly coupled with PBL entrainment by linking it to the amount
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of surface buoyancy flux (Driedonks 1981; Betts et al. 1992; Angevine et al. 1998),

and taking a fraction of the surface flux is a popular way to parameterize entrainment
in models (Conzemius and Fedorovich, 2006). Therefore, the role of surface fluxes is
important to consider for understanding entrainment rates. Entrainment rates may exert
a different relationship to surface fluxes in the morning transition than during the daytime
CBL, due to having a shallower CBL and its rising motion in the morning. Furthermore,
latent heat flux exerts variability from different environmental conditions. Because of
this, the relationship between water vapor entrainment and latent heat flux is more closely
examined, as it may also play a role in driving the synoptic variability of water vapor
entrainment. Fig. 3.6a shows the regression of water vapor entrainment on the total latent
heat flux energy, where a close relationship is observed between dry air entrainment and
the measured latent heat flux, with an r value of -0.81 and a slope of -0.95, shown in Fig.
3.6. Here, water vapor entrainment in the morning seems to scale much stronger to latent
heat flux than the commonly accepted 0.2 ratio of daytime CBL entrainment to surface
buoyancy flux ratio, which is an expected result from past studies (Angevine et al. 2001).
There is also a trend in latent heat flux between synoptic nodes showing higher values
and variability in the low-pressure node compared to the high-pressure node, shown in
Fig. 3.6b. This distribution between nodes is a similar pattern to the original spread
of water vapor entrainment between synoptic nodes shown in Fig. 3.3, lending evidence
that the variability in latent heat flux is a driver of the synoptic variability pattern of

water vapor entrainment.

There is a clear influence of latent heat flux on water vapor entrainment; however, it is
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(a) Latent Heat Flux vs. Water Vapor Entrainment (b) Latent Heat Flux by Synoptic Node
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FIGURE 3.6: (a) Water vapor entrainment values regressed onto latent heat flux forcing
in the morning transition. (b) The distribution between synoptic nodes of latent heat
flux forcing in the morning transition.

important to understand how surface conditions directly related to latent heating them-
selves correlate with entrainment in the morning transition. Fig. 3.7 displays the results
of regressing water vapor entrainment against four surface variables: soil temperature
(a), surface pressure (b), surface humidity (c), and surface temperature (d), with synop-
tic node indicated by color. A consistent increase in entrainment variability is evident
under conditions of warmer soils, higher surface temperature and humidity, and lower
surface pressure. The physical relationships between these surface variables and entrain-
ment arise from their control on mixed layer growth, thermodynamic contrasts across the
EZ, and their correlation with stronger advection patterns. An in depth conversation of
these mechanisms is presented in the discussion section. Furthermore, it is clear in Fig.
3.7 that the majority of cases with heightened variability in entrainment are contained
within the low-pressure synoptic node. While this study does not isolate all the mech-
anisms responsible for stronger entrainment variability in low-pressure conditions, these

results suggest that surface conditions and synoptic scale dynamics jointly contribute to
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(a) Mean Surface Pressure vs. Water VVapor Entrainment (b) 10m Mean Temperature vs. Water Vapor Entrainment
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FIGURE 3.7: Water vapor entrainment values regressed on mean values in the 4 hour
morning window for (a) soil temperature (b) surface pressure (c) surface humidity (d)
surface temperature. The points are color coded by synoptic node.

the spread of morning transition entrainment.

We have shown the high level factors of EZ gradients, surface fluxes, and surface conditions
associated with the difference in the magnitude and variability of entrainment in the
morning transition between the synoptic classifications. However, there is more nuance
to PBL processes and structure that affect how air is entrained into the PBL in the
morning transition that is difficult to view from a high level. Therefore, the rest of this
section will make use of case studies to show finer nuances of the boundary layer that

may be driving the different entrainment results observed in the synoptic nodes.
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3.2 Case Study 1: Role of Residual Layers and Cap-

ping Inversions in Morning Entrainment

In this section, two cases are introduced and compared in Fig. 3.8 that had different
entrainment results to understand the finer nuances of the morning transition and how
they may impact PBL entrainment. The first case considered is on 20 April 2018, from the
high-pressure node category. This case showed a relatively weak amount of entrainment,
with an energy impact of 0.1 kJ/kg from water vapor and 1.06 kJ/kg from potential
temperature entrainment. The other case considered is on 12 July 2019, from the low-
pressure synoptic node category. It had greater entrainment, with energy impacts of
-10.7 kJ /kg from water vapor and 5.3 kJ/kg from potential temperature entrainment.
Comparing these cases will serve as a closer look at the differences between cases of low

versus high water vapor entrainment.

Detailed time height cross sections for both cases were created from AERI-derived vertical
profiles at the central facility at SGP. These cross sections allow us to see the fine-scale
structure of PBL water vapor and temperature for the cases throughout the morning
transition. Figure 3.8 shows the cross sections for potential temperature, temperature,
and ML-mean standardized water vapor for both cases side by side. An immediate
difference in vertical structure can be seen by looking at the potential temperature cross
sections. In Fig. 3.8a, there is a pronounced residual layer in the high-pressure node

case on the left, resembling an area of vertically uniform potential temperature above the
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FIGURE 3.8: AERI derived time/height cross sections of theta, temperature, and ML

standardized water vapor mixing ratio for a case from the high-pressure node (left)

and the low-pressure node (right). Dotted vertical lines indicate the morning transition
time window analyzed in this study for both cases.

nocturnal SBL, indicating a layer of well mixed air aloft. This layer persists well into
the morning transition through 15 UTC, allowing the PBL to grow through a deeper
well-mixed residual layer. The residual layer is also pronounced in the temperature cross
section (Fig. 3.8b) where above the nocturnal SBL there is a layer of well mixed, cooler
air between 0.5 and 0.75 km. This well-mixed layer is capped by an inversion at 1 km

that persists throughout most of the day through 17 UTC.

A similar pattern exists in the cross section of ML-normalized water vapor, shown in Fig.
3.8c, where there is an area of vertically uniform water vapor that the PBL is growing
into from 12 to 15 UTC. In the cross sections of the high-pressure case (Fig. 3.8a-c), the

result of this residual layer is that the PBL is rising into air of similar thermodynamic
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properties compared to the mixed layer below. This illustrates how the residual layer

in this case has a dampening effect on the amount of entrainment occurring by causing
the air aloft that is turbulently mixed and engulfed by the rising PBL to be less dry and

warm relative to the ML.

Comparing this to the low-pressure node case on the right in Fig. 3.8d-f, the structure
looks different. The residual layer is less vertically uniform in the potential tempera-
ture cross section (Fig. 3.8d), with the air above the nocturnal SBL being near 5 K
warmer than the mixed layer below. Additionally, the PBL rises faster in height in the
low-pressure case from 14 to 15 UTC, rising into and engulfing air aloft more quickly.
Consequently, the PBL appears to be rising rapidly into air that is much warmer and
dryer than the ML mean in this case, causing entrainment to have a bigger impact on
the PBL heat and moisture budgets by nearly 11 kJ/kg and 4 kJ /kg for water vapor and

potential temperature entrainment, respectively.

Differences in structure between these two cases can be analyzed by looking at the vertical
profiles from radiosonde launches by directly diagnosing the inversions discussed in Fig.
3.8 and showing how synoptic scale conditions can imprint on the structure of the PBL.
Radiosondes at SGP were launched every day at approximately 1130 UTC and 1730 UTC,
capturing the early morning or nocturnal SBL and daytime CBL, with sunrise times at
SGP ranging from 1100 to 1340 UTC, and sunset ranging from 2300 to 0130 (next day)
UTC. The results of these radiosonde launches for both cases are displayed in Fig. 3.9.

Comparing the profiles for the nocturnal SBL at the 1130 UTC launch, there is an intense
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inversion present above the SBL at about 900 hPa in the high-pressure node case of about

4 K in strength, whereas there is only a slight inversion aloft in the low-pressure node
case higher up at 800 hPa of about 1.5 K. Using the hypsometric equation, the inversion
in the high-pressure case has an estimated thickness of 780 m, whereas the low-pressure
case inversion has a thickness of about 93 m. A similar comparison can also be made by
looking at the daytime CBL profiles from the 1730 UTC launch. The strong inversion
aloft remains with a strength of about 4 K at the top of the CBL in the high-pressure
node case at the same 900 hPa level. In the daytime CBL profile for the low-pressure
node case, there is an inversion present at the top of the CBL, however it is still much

weaker compared to the high-pressure case, with a strength of about 2 K.

The stronger inversion in the high-pressure case is associated with the weaker amount of
entrainment observed compared to the low-pressure case. The inversion can cause the
residual layer in the high-pressure case to persist and stay well-mixed by suppressing
vertical mixing and not allowing it to dissipate. Concurrent with the stronger inversion,
the high-pressure case experienced a smaller impact from advection of —1.0 and —0.2
kJ/kg for g and 6, compared to 1.9 and —1.3 kJ/kg for ¢ and 6, respectively, in the
low-pressure case. The weaker advection may also contribute to the persistence of the
residual layer in the high-pressure case by limiting horizontal mixing with air of different
properties. Therefore, the reduced amount of advection and the stronger inversion may
both more effectively confine the residual layer closer to the surface and allow it to persist

longer into the morning transition in the high-pressure node case. Conversely, the weak
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FIGURE 3.9: Radiosonde profiles of the high-pressure node case (a, c¢) and the low-
pressure node case (b, d) at approximately 11:30 and 17:30 UTC.

inversion in the low-pressure node case can allow the residual layer to erode more quickly,

reducing its presence in the morning window.

The presence of the strong inversion aloft in the high-pressure node is a classic signal
of the influence of large-scale subsidence. Subsidence is a known complicating issue in
understanding entrainment, and here we see an example of how it can affect the struc-
ture of the PBL, reducing entrainment in the morning transition. We would expect to
see greater large-scale subsidence in high-pressure, anticyclonic conditions (Stull 1988);
therefore, large-scale subsidence is likely present in the high-pressure case. This is con-
firmed in Fig. 3.10, which shows ERA5 data of vertical velocity (w) and divergence. In the
high-pressure case, there is persistent positive vertical velocity throughout most of the
troposphere, signifying large-scale sinking motion. Accompanying this vertical motion

is consistent positive low-level divergence from 1000 to 800 hPa. Low-level divergence
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FIGURE 3.10: ERA5 values of vertical velocity (w) and divergence from surface level
to 300 hPa on 19-20 April 2018 (a, b) and 11-12 July 2019 (c, d).

is consistent with large-scale subsidence due to mass continuity of the atmosphere. To-
gether, the vertical velocity and low-level divergence confirm that large-scale subsidence
occurred throughout the nighttime before the morning transition on 20 April 2018. In
contrast, the low-pressure case on 12 July 2019 shows no consistent trend in vertical ve-
locity or divergence, indicating that large-scale subsidence was not present. The stronger
capping inversion, residual layer persistence, and slower CBL growth in the high-pressure
case may all result from the large-scale subsidence that occurred the night before the

morning transition, leading to a weaker entrainment impact on the mixed layer.

This comparison shows the nuances for how residual layers and large-scale subsidence
in the morning transition impact the properties of air being entrained. Discussed in the

introduction, Rosenberger et al. (2024) shows how the encroachment term is a substantial
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piece of the overall forcing in entrainment in the morning transition due to the rising
motion of the PBL (Fig. 1.5). This can result in morning entrainment being particularly
sensitive to the processes of capping inversions, residual layers, and large-scale subsidence.
In return, large-scale subsidence and residual layers appear to be more present in the
high-pressure synoptic node cases, and therefore their presence is a further explanation
of why we observe weaker and less variable entrainment in these cases compared to the

low-pressure node cases.

3.3 Case Study 2: Morning Dependence on large-

scale Processes

In this section, the outlier case in water vapor EZ gradient from Fig. 3.4 that had a
positive water vapor gradient of 0.8 g/kg at sunrise is examined. This case serves as a good
example of how the encroachment term of the PBL morning transition causes entrainment
to be sensitive to large-scale processes that would otherwise have little effect during the
daytime CBL state. During the daytime CBL, the mixed layer is deep and well mixed,
and entrainment occurs along a comparatively steady EZ interface controlled by turbulent
mixing of eddies (Stull 1988). In contrast, the morning transition is characterized by rapid
boundary layer growth, deepening quickly through the residual layer and engulfing air
aloft that may contain thermodynamic anomalies (Blay-Carreras et al. 2014). Because of
this rapid growth, entrainment is sensitive to the vertical structure immediately above it,

with small differences in elevated moisture or temperature producing large case-to-case
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variability. The case being considered on 08 July 2018 is a warm day with warm soil, low

Mean Surface | Total Latent Heat

Mean ML | Mean ML WV Mixing | = 5¢m Soil
Pressure Flux

Temperature Ratio Temperature
254C | 13.6g/kg | 249C | 982hPa | 6.1kJ /kg

TABLE 3.2: Mixed layer and surface conditions, as well as total latent heat flux for the
case on 08 July 2018.
surface pressure, and a high amount of latent heat flux, presented in table 3.2. Given these
conditions, we would expect intense dry air entrainment on this day considering the results
from Fig. 3.6 and 3.7, showing how water vapor entrainment scales with these conditions.
However, only a moderate amount of drying from entrainment occurred. When looking at
the variable with the highest correlation to water vapor entrainment in this study, latent
heat flux, this case was expected to have -6.1 kJ/kg of dry air entrainment; however, it

only resulted in -3.8 kJ/kg. This case is highlighted in the regression chart in Fig. 3.11.

An important observation into the source of this unexpected entrainment rate is the
positive value of the water vapor gradient around the PBL height at sunrise, 1120 UTC,
of 0.8 g/kg. This value is typically negative, as water vapor mixing ratio is expected
to decrease through the EZ. Due to this unexpected vertical gradient, the AERI-derived
cross section of water vapor is examined for this case to investigate the structure of
water vapor throughout the day, shown in Fig. 3.12a. The cross section contains an
area of positive water vapor mixing ratio anomaly that appears over the nocturnal SBL
starting at 0900 UTC between 0.3 to 1.0 km high. This area of excess moisture persists
throughout the night and into the morning, leaving the air aloft to be about 2 g/kg higher

in water vapor mixing ratio than the mixed layer in the SBL on average. Consequently,
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Latent Heat Flux vs. Water Vapor Entrainment

-101 @ Low Pressure Node
© High Pressure Node L]
—_— R =-0.81 [ ]

Water Vapor Entrainment [k]/kg]

-12 4 T
1} 2

4 [}
Latent Heat Flux [k)/kg]

FIGURE 3.11: Water vapor entrainment regressed onto latent heat flux, with the subject
of this case study, the case on 08 July 2018, highlighted with a red circle in the plot.

this causes the gradient in water vapor to be positive around sunrise, and results in
the morning boundary layer growing into and engulfing this very moist air aloft. This
structure can greatly reduce the amount of drying that can occur from the encroachment
term of entrainment and is a key driver for the reduced amount drying from entrainment

than expected.

The emergence of the area of increased moisture in the cross section (Fig. 3.12a) cor-
responds closely with the advection rates over the SGP site for this day (Fig. 3.12b).
Advection becomes positive around 0800 UTC, indicating the influx of warm, moist air,
which is consistent with the timing of the moisture anomaly observed in Fig. 3.12a. Com-
bining the advection observations with the large-scale flow pattern derived from ERAS

data reveals the broader story. There is large-scale transport of warm, moist air from the
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FIGURE 3.12: (a) AERI derived water vapor time/height cross section, with the sunrise

time indicated with a vertical dotted line, (b) advection rate time series during the day

of the case over SGP, (c) large-scale horizontal flow pattern and moisture from ERA5
data for the day of the case.

Gulf of Mexico that is making its way over to SGP, causing the area of intense moisture
to appear over the SBL in the cross section from Fig. 3.12a. This is a case where the
entrainment in the morning transition was impacted by a synoptic scale flow pattern
transporting moisture above the boundary layer. The sensitivity of entrainment to syn-
optic scale flow in this case may be unique to the morning transition, since the growth of
the PBL plays a role in engulfing the transported moist air. Referring to Fig. 3.7 where
we see a strong increase in variability of entrainment in warm, moist, low-pressure synop-
tic node cases, the result of this case study presents an explanation to the pattern. These
low-pressure node cases are more conducive to enhanced vertical motion and horizontal
advection (Holton and Hakim 2013), causing more intense large-scale flow patterns to

modulate entrainment rates, adding to the variability.

This example showcases the extra layer of variability in entrainment caused by synoptic
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scale patterns in addition to the sensitivity to surface fluxes and EZ gradients, and is
likely a contributor to the difficulty of accurately modeling entrainment in the morning

transition.

3.4 Case Study 3: Intraseasonal Variation by Surface

Flux and Gradients

Reviewing the overall results in this study, it is tempting to assume that all the variability
in entrainment is due to seasonality. However, there is strong seasonal overlap between
the synoptic nodes, shown in figure 3.2, and there is much intraseasonal variability present
within the results. This case study presents an example for the intraseasonal variability
of entrainment that can occur, dependent on the same factors deemed important for
entrainment in this study including vertical EZ gradients, latent heat flux, and mixed

layer moisture. Two cases are compared, both days in July 2019 less than two weeks

Theta Entrainment

WYV Entrainment

Mean Surface

WYV Gradient at

Latent Heat

(kJ/kg) (kJ/kg) Pressure (hPa) | Sunrise (g/kg) | Flux (kJ/kg)
Case 1 (7/24) 2.64 153 985 20.40 2.70
Case 2 (7/12) 5.34 -10.67 977 -0.90 8.01

TABLE 3.3: Total entrainment, mean surface pressure, WVMR EZ vertical gradient at
sunrise, and total latent heating for the cases compared in case study 3.
apart. In this section, they will be referred to as Case 1 and Case 2 and are separate
from cases in any other section of this study. These cases are very similar to each other
in vertical structure, having nearly identical radiosonde profiles at both launch times,
occurring right at sunrise around 1130 UTC for these cases, and mid day at 1730 UTC,

shown in Fig. 3.13. However, the cases resulted in notably different amounts of total
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Case 1(07/24/2019) Case 2 (07/12/2019)
Water Vapor Entrainment Water Vapor Entrainment
-4.5+1.9kl/kg 1.9+ 0.6 kl/kg -10.9% 1.4 kl/kg 5.3+0.3kl/kg
(Sg Skew-T/Log-P 2019-07-24 11:33 UTC gg))skew-T/Log—P 2019-07-12 11:31 UTC
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FiGURE 3.13: Radiosonde profiles for the two cases compared in case study 3. The
cases show nearly identical vertical profiles at both launch times.

entrainment in the morning transition, shown in table 3.3. Case 1, on July 24, had
total entrainment of 2.6 kJ/kg for potential temperature and -4.5 kJ/kg for water vapor
entrainment. Case 2, on July 12, had greater total entrainment of 5.3 kJ/kg for potential
temperature and -10.7 kJ /kg for water vapor. Despite sharing the same season and having
nearly identical vertical structure, entrainment intensity from Case 1 to 2 increased by
104% for potential temperature and 138% for water vapor.Although the cases are identical
in structure, they differ in some conditions key to the rate of entrainment in the morning
transition. Case 2 had a lower average surface pressure by 8 hPa, stronger latent heating
by 5.3 kJ/kg, and a 0.5 g/kg stronger drying gradient in water vapor at sunrise (table
3.3) — all conditions identified in this study that coincide with strong dry air entrainment
(Fig 3.3; Fig. 3.4; Fig. 3.6). Both cases follow the trend of water vapor entrainment well
based on their latent heat flux, highlighted in Fig. 3.14a. Case 2 had a latent heat flux

of 8.0 kJ/kg, 195% greater than Case 1 (2.7 kJ/kg). Looking at the time series of water
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FIGURE 3.14: (a) Water vapor entrainment regressed on latent heat flux, color coded

by month, with the two cases in the case study highlighted. (b) Time series of the

vertical EZ gradient in water vapor throughout the morning for the two cases, and (c)
time series of the mixed layer mean water vapor mixing ratio for both cases.

vapor gradient across the PBL top in Fig. 3.14b, case 2 had a sharper drying gradient by
about 60% in the morning hours between 1130 and 1400 UTC compared to case 1, before
they eventually become similar and follow the same trend near 1430 UTC and later. Case
2 also presents with a moister mixed layer throughout the day, averaging to be about 20%
moister than case 1 in the morning transition. The mixed layer in case 2 remains moister
until drying is observed coinciding around the morning transition, resulting in a smaller

moisture difference in the daytime CBL.

The combination of these factors in case 2 promotes stronger entrainment because they

cause buoyancy production in the mixed layer and thermodynamic contrast across the
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PBL top. The substantially larger latent heat flux enhances turbulent kinetic energy

production and accelerates mixed-layer growth, increasing entrainment velocity. At the
same time, the sharper drying gradient at the PBL top directly amplifies the impact of the
entrainment flux. Because case 2 begins with a moister mixed layer, the contrast with the
dryer air aloft remains large during the early growth, intensifying the drying effect. The
lower surface pressure may further indicate reduced subsidence and a weaker inversion
strength, allowing quicker erosion of the stable layer and more vertical motion. Together,
these factors in case 2 act synergistically to produce stronger dry air entrainment than a

case just twelve days prior in the same season.

These two cases are close together in the same season, yet they vary greatly in the con-
ditions driving entrainment intensity in the morning transition. This shows how the
environmental factors key to morning entrainment can have strong intraseasonal vari-
ability, which in return causes intraseasonal variability in PBL morning entrainment
itself. Therefore, to best understand clear air entrainment in the PBL morning transi-
tion, intraseasonal variability must be considered, with surface conditions, mixed layer

properties, and vertical gradients as driving factors.
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Chapter 4

Discussion

4.1 Energetic Dominance of Water Vapor in Morn-

ing PBL Entrainment

One of the most robust findings in this study is that the variability in total ML energy
change caused by entrainment in the morning transition is dominated by water vapor
rather than potential temperature. Although both scalars contribute to the heat and
moisture budgets, water vapor exhibits substantially greater synoptic variability. This
result is consistent with the formulations of moist static energy, where water vapor is
weighed by the latent heat of vaporization. Therefore, even modest changes in mixing
ratio will produce stronger energetic impacts on the ML compared to similar variations

in potential temperature.
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Coupling the energetic dominance of water vapor in moist static energy, tropospheric

water vapor mixing ratio itself is shown to have higher synoptic variability than potential
temperature. El Nino Southern Oscillation (ENSO) is a climate variability pattern that
plays an outsized role in the synoptic weather patterns over the southern Great Plains,
including the ARM SGP site where this study takes place (Ropelewski and Halpert
1986). Johnson et al. (2022) used GNSS-RO to retrieve lower tropospheric moisture
and temperature and analyzed the correlation of the zonal mean of each to the ENSO
Oceanic Nino Index. They found that specific humidity anomalies associated with ENSO
are on the order of £15% in the lower troposphere, while temperature anomalies are
on the order of £1-2 K. In case study 2, we showed how water vapor anomalies in the
lower troposphere can have a control on the amount of dry air entrainment that occurs
in the morning transition. Therefore, the energetic dominance of water vapor in PBL
entrainment synoptic variability may be a signature of the higher sensitivity of water
vapor anomalies to ENSO, the prominent climate variability pattern affecting synoptic

conditions over the site at ARM SGP.

4.2 Synoptic Variability and Model Bias

A key result of this study is that entrainment variability differs substantially between the
two synoptic nodes produced, with the low-pressure synoptic node exhibiting stronger
rates of entrainment and a larger variability in entrainment between cases. Stouffer et al.
(2025) documented regional differences in EZ thickness across the United States, using

Dual-Polarization Radar to observe its structure. The monthly median EZ thickness
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varied by 60% in relative thickness to the total depth of the PBL in the morning between

regions which have different synoptic patterns and environmental conditions. It is well
known in literature that EZ thickness is dynamically linked to entrainment velocity in the
PBL; increased turbulence and shear tend to broaden the EZ, allowing deeper penetration
of eddies and enhancing the flux of scalars across the inversion (Deardorff 1974; Sullivan

et al. 1998; Fedorovich et al. 2004).

The results of synoptic variability of entrainment in this study and that of EZ thickness
in Stouffer et al. provide great context for the findings in Banks et al. (2016). Their work
has demonstrated that boundary layer parameterization bias in numerical weather pre-
diction models depends on synoptic regime. They showed that WREF model bias under
different PBL schemes varies with large-scale synoptic flow patterns found at different
sites, particularly during the transition periods of the boundary layer diurnal cycle. En-
trainment has been shown to be a key driver for model bias (Angevine et al. 2020).
Therefore, the variability of EZ thickness and entrainment forcing might be a key un-
derlying mechanism for the substantially different model bias found in different synoptic
regimes, as variations in observed entrainment forcing can cause variation in model bias.
Therefore, to improve model bias, it may be worth the effort to include synoptic scale

pressure and flow patterns when parameterizing the entrainment forcing in PBL schemes.

Another key result in this study is the larger variance in entrainment rates observed under
certain surface conditions, highlighted in Fig. 3.6. These conditions include warm soils,

high surface humidity and temperature, and low pressure. This result can be explained
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with knowledge from past literature. Warmer soils and higher surface temperatures en-
hance surface sensible heating after sunrise, accelerating the growth of the PBL (Stull
1988). Faster deepening increases the sensitivity of entrainment to inversion strength
and to vertical thermodynamic gradients across the EZ (Tennekes 1973; Deardorff 1974;
Tennekes and Driedonks 1981). Higher surface humidity strengthens the vertical mois-
ture contrast between the mixed layer and the drier free troposphere, resulting in smaller
changes in entrainment rates producing larger impacts on the ML moisture budget (Betts
1973; Angevine et al. 2001; Henkes et al. 2021). Lower surface pressure is associated with
enhanced vertical motion and horizontal advection (Holton and Hakim 2013), which can
increase variability in morning PBL entrainment. Together, the stronger surface forcings
and stronger synoptic flow help to explain the larger spread in morning entrainment rates
observed in the low-pressure node cases. This also provides important context for the

difference in model bias observed between different sites in Banks et al. (2016).

4.3 Residual Layers and Subsidence

Large-scale subsidence emerges as an important factor modulating entrainment in the
high-pressure synoptic node. Subsidence is commonly associated with anticyclones and
persistent high-pressure systems (Stull 1988), which are characterized by the high-pressure
node in this study. Downward velocity warms and dries the air aloft through adia-
batic compression, strengthening capping inversions and stabilizing the EZ. A typical
radiosonde profile during the presence of large-scale subsidence will show an enhanced

inversion aloft in the atmosphere due to subsidence-induced warming (Angevine et al.
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1998). Because entrainment parameterizations often struggle to represent externally
forced inversion strengthening (Conzemius and Fedorovich 2006), subsidence has long
been recognized as a complicating factor in entrainment dynamics and model perfor-

mance (vanZanten et al. 1999; Blay-Carreras et al. 2014).

In the first case study, section 3.2, an example of subsidence coinciding with weaker
entrainment was observed. A stronger inversion in the high-pressure case was present in
Fig. 3.8, which may play a role in the weaker amount of entrainment observed compared
to that of the low-pressure case. The inversion is likely causing the residual layer in the
high-pressure case to persist and stay well mixed by suppressing vertical motion and not
allowing it to dissipate. Therefore, along with reducing turbulent mixing near the top of
the PBL, the inversion more effectively maintains the strength of the residual layer closer
to the surface and allows it to persist longer into the morning transition in the high-
pressure case. Conversely, the weak inversion in the low-pressure case allows the residual
layer to erode quicker, reducing its presence in the morning window. The presence of the
strong inversion aloft in the high-pressure node is a classic signal of large-scale subsidence.
Subsidence is a known complicating issue to understanding entrainment, and here we see
an example of how it is coinciding with a reduced amount of entrainment in the morning

transition.

The structure and persistence of the residual layer plays a central role in the morning
transition and throughout the rest of the day. Blay-Carreras et al. (2014) studied the

effects of residual layer structure using observations from the BLLAST field campaign
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and LES modeling. They found that residual layer structure controls the growth of the

PBL in the morning transition through its modulation of entrainment. They show that if
the residual layer is strongly stratified and contains a strong inversion, entrainment in the
morning transition is reduced and the PBL grows slower. They found that particularly
when a strong residual layer coincides with subsidence, as in the weak entrainment case
from the first case study (section 3.2), entrainment is particularly weak. Furthermore,
stronger residual layers may be more present and stratified in the winter months, when
nocturnal inversions are shallower and the prior day’s mixed layer becomes more effec-
tively decoupled from the surface. Weaker morning heating in winter slows erosion of the
stable boundary layer, allowing the residual layer to persist well into the late morning.
In addition, a weaker Great Plains low-level jet during winter can reduce shear-driven
mixing overnight, helping preserve residual layers in a stratified structure. Therefore, the
weaker amount of entrainment observed in the high-pressure node may contain signal
from the presence of stronger, stratified residual layers, due to the high-pressure node

containing more cases from winter months.

Observational studies further highlight the importance of residual-layer moisture in con-
trolling daytime convective evolution. Henkes et al. (2021), a dry-season observational
study in the central Amazon, demonstrated that the depth and water vapor structure
of the residual layer strongly influences the convective potential of the day. They found
that entrained moisture from the residual layer is often decisive in determining whether
the PBL acquires sufficient moist static energy to overcome convective inhibition. Days

featuring a moist residual layer above the nocturnal stable boundary layer were more
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likely to develop deep convection. Although Henkes et al. focuses on the tropics, a sim-
ilar mechanism may operate in the Southern Great Plains: deeper and moister morning
residual layers lead to moister air being entrained into the growing mixed layer, thereby

increasing morning PBL moisture and enhancing downstream convective development.

4.4 Surface Fluxes and the Entrainment Ratio

Entrainment in convective boundary layer theory and PBL modeling is commonly param-
eterized as a fixed fraction of the surface buoyancy flux. Mixed-layer scaling arguments
and numerous field studies discussed in section 1.3 of the introduction have suggested
that the entrainment buoyancy flux is approximately 20% of the surface buoyancy flux,
yielding an entrainment-to-surface flux ratio near 0.2 under idealized daytime conditions.
This assumption has been widely adopted for entrainment parameterization in PBL model
schemes. However, there is doubt whether this holds true in a real world boundary layer
where subsidence and vertical wind shear can complicate entrainment rates (Wulfmeyer
1999a). Increasing observational and large-eddy simulation (LES) evidence suggests that
this ratio is not universal and may vary substantially depending on boundary-layer struc-

ture and environmental conditions.

Conzemius and Fedorovich (2006) examined the relationship between entrainment and
surface forcing in LES simulations of a sheared convective boundary layer. Their re-
sults cast doubt on the robustness of the 0.2 ratio value, particularly in the presence

of entrainment-zone shear. They demonstrated that shear across the inversion enhances
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turbulent kinetic energy production near the PBL top, increasing entrainment efficiency
beyond what is predicted by surface buoyancy flux scaling alone. Most notably for this
study, their simulations showed substantially larger entrainment-to-surface flux ratios
during the morning transition, when the boundary layer is rapidly deepening. In some
cases, the entrainment flux approached or exceeded the magnitude of the surface flux (ra-
tios near or above 1), highlighting that CBL development in the morning transition may
fundamentally depart from steady-state assumptions. Similarly, Angevine et al. (2001)
noted that during the morning transition under idealized conditions, the ratio of entrain-
ment to surface flux is expected to be much higher. This difference in ratio to surface flux
in the morning transition may in part be due to the encroachment term of entrainment

from the rising motion of the morning PBL.

The results of the present study are consistent with this perspective. When water vapor
entrainment is regressed against the corresponding surface latent heat flux, the inferred
entrainment-to-surface flux ratio is substantially larger than 0.2. The regression slope is
near 0.9 (Fig. 3.6a), indicating that water vapor entrainment is much greater than 20%
of the corresponding latent heat flux during the morning transition. Although this is
only considering water vapor flux instead of total buoyancy flux, this magnitude may be
far greater than what would be predicted under classical steady state CBL scaling. This
enhanced ratio is consistent with the rapid deepening of the mixed layer after sunrise.
During the morning transition, boundary-layer growth is characterized by engulfment
of the residual layer and strong gradients in moisture across the inversion. Therefore,

entrainment is not simply a response to surface flux; instead, it reflects the combined
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effects of surface buoyancy production, inversion strength, subsidence, and shear at the

PBL top. Because the inversion contains substantial contrasts in moisture, even small
increases in mixed-layer depth can produce large entrainment fluxes relative to the surface

forcing.

These findings suggest that parameterizations relying on a fixed entrainment-to-surface
buoyancy flux ratio may be inadequate for representing morning transition dynamics. A
larger, time-dependent ratio, or a scheme that incorporates inversion strength, subsidence,
and shear may be necessary to accurately capture entrainment during the rapid boundary-
layer growth in the morning transition. This has implications for model bias in the early
daytime hours, when inaccurate representation of entrainment can lead to systematic
errors in mixed-layer depth, moisture, and temperature, causing inaccurate forecasts of

daytime convection and storm development.
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Chapter 5

Summary and Conclusions

5.1 Results Summary

This study aimed to quantify and address research questions regarding the variability and
physical controls of PBL clear air entrainment forcing during the morning transition using
a remote sensing based budget closure method using mixing diagrams. By leveraging
cutting-edge instruments at SGP to observe continuous, high resolution profiles of the
lower troposphere, advances in measuring advection from Wagner et al. (2022), and a
mixing diagram method proven in Wakefield et al. (2023), a first-of-its-kind dataset of

morning entrainment observations was produced.

The mixing diagram method was successfully applied to the morning transition, result-

ing in a dataset of 61 entrainment morning transition forcing observations. Strict case
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selection criteria were implemented to ensure reasonable uncertainty in the entrainment
estimates, particularly by limiting the presence of clouds, precipitation, and synoptic
fronts in the final case selections. The resulting dataset spans January through July,

with the greatest concentration of cases occurring in March and April.

To address how entrainment varies with synoptic and environmental conditions, cases
were categorized using self-organizing maps into higher and lower-pressure regimes. A
clear distinction emerged between the two regimes, with a weaker and less variable en-
trainment forcing in the higher-pressure conditions, and stronger and more variable en-
trainment forcing in the lower-pressure conditions. This variability pattern in entrainment
between synoptic regimes is present in both water vapor and potential temperature en-
trainment; however water vapor shows to be the dominant mode of energetic variability

in entrainment between the synoptic regimes.

The results further demonstrate that entrainment during the morning transition is closely
related to surface fluxes, particularly with water vapor entrainment and latent heating.
Vertical gradients of temperature and moisture across the entrainment zone were also
identified as key drivers of the variability in entrainment between synoptic conditions.
Stronger EZ drying gradients in water vapor mixing ratio were observed in the lower-
pressure conditions, coinciding with enhanced drying of the mixed layer due to entrain-
ment. Furthermore, the variability in entrainment observed in this study showed behavior
of both seasonal and intraseasonal variability, with both modes of variability coinciding

with variability in EZ gradients and surface fluxes.
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Through case studies, processes unique to the morning transition were shown to play a

formative role in the impact of entrainment. During this transition, the rapid growth
of the CBL makes entrainment sensitive to the layer of air it is growing into. We have
shown how this encroachment process can make entrainment rates sensitive to large-scale
transport of moisture impacting the air aloft of the nocturnal SBL. We also showed how
the structure and persistence of the residual layer, along with the rate of growth of the
PBL have a strong control on the impact of entrainment in the morning transition. Fur-
thermore, we demonstrate how these factors are shaped and influenced by the nocturnal

capping inversion and large-scale subsidence processes of the nocturnal SBL.

5.2 Motivation for Future Work

The results of this study provide a strong observational foundation for understanding
entrainment during the morning transition, while also highlighting several avenues for
future work. First, applying this method to other locations that have different land
cover, climate, and synoptic flow patterns would provide more comprehensive insight into
how entrainment behaves and interacts with atmospheric and environmental processes.
The Bankhead National Forest ARM site would be a logical place to apply this method
next, as it already has the instruments and measurement capabilities to do it. Next,
increasing the case count and the number of self-organizing map nodes along with it
may enable a more refined analysis of the morning entrainment forcing by isolating finer

nuances of the variability.
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Another key area for future work motivated by this study is improving the representation
of the encroachment term of entrainment in models. This study demonstrates how the
encroachment in the morning transition can cause entrainment to behave much differently
than how it does in classic entrainment theory, which is based off PBL steady state turbu-
lent mixing. Observations from applying this method can be used to test against model

output and help refine the parameterization of entrainment in the morning transition.

More research is also needed to understand the relationship between morning entrainment
forcing and daytime conditions. In particular, understanding how entrainment in the
morning transition influences daytime convection, storm development, and precipitation
would provide valuable information on land-atmosphere feedback and severe weather
forecasting. Finally, Wulfmeyer et al. (2016) presents a method to directly forecast and
understand PBL entrainment by relating it to the higher-order moments of meteorological
variables in the boundary layer. The quantification of entrainment using the method in
this study can provide observational values to test against the relationships to higher-
order moments proposed in Wulfmeyer et al. (2016). The application to this may be

essential for advancing the predictive understanding of boundary layer processes.
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