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ABSTRACT

PROCESSES DRIVING SHALLOW CONVECTIVE DEVELOPMENT AND THEIR

INTERACTIONS WITH AEROSOLS: AEROSOL TRANSPORT AND AEROSOL BREEZES

In this two-part thesis we investigate the development of tropical shallow convective
clouds (i.e. shallow cumulus and cumulus congestus) and their interactions with the aerosol
environment using idealized large-eddy simulations (LES). Although much about shallow
convection is well-understood, we specifically focus on three facets of shallow convection that
remain understudied: (1) the factors governing the development of congestus extending above
the 0°C stable layer; (2) the detrainment of aerosol particles and water vapor from congestus
clouds into the mid-troposphere; and (3) the impacts of strong horizontal gradients in aerosol
concentration on mesoscale circulations.

Part one of this study explores environmental controls on congestus development and the
implications of that development on aerosol lofting and transport. Congestus is the middle mode
of tropical convection, with cloud tops around or exceeding the 0°C level (~5km AGL). While
some congestus are terminal, meaning capped by the 0°C stable layer, others are transient and
may develop into deep convection. Although this distinction impacts the congestus-to-deep
convection transition and the convective transport of water vapor and aerosols into the mid-
troposphere, there is still much to be understood about the processes causing congestus to
overshoot the 0°C level and continue growing. We find that terminal and transient congestus
updrafts are characterized by a similar overturning circulation between the updraft and subsiding

shell. However, transient congestus have stronger updrafts, and importantly, the downward
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branch of their corresponding circulations is constrained by the 0°C level. Our findings support
previous results suggesting buoyancy as a control on congestus height, and we specifically
demonstrate that congestus developing in more humid midlevel environments are more likely to
be transient. We additionally determine that terminal congestus regenerate more aerosol via
evaporation along their cloud edges, while transient congestus create stronger midlevel
detrainment layers of aerosol and water vapor due to the trapping of the regenerated aerosol
above the 0°C level. Such midlevel detrainment layers are important for the formation of
altocumulus clouds.

Part two of this study introduces and explores the concept of an “aerosol breeze”, a
thermally-driven circulation resulting from mesoscale gradients in aerosol loadings. We call the
resulting circulation an aerosol breeze so as to be analogous to well-documented circulations
associated with heterogenous surfaces, like sea breezes. The aerosol-induced circulation sets up a
gradient in convection and precipitation that is opposite in direction to that of the aerosol
gradient. Clouds in the presence of an aerosol gradient precipitate sooner and more intensely
than those in the same integrated aerosol loading distributed horizontally homogeneously. These
results suggest unrepresented sub-grid scale heterogeneity in aerosol emissions may lead to
biases in simulated cloudiness and precipitation. We also present two observational case studies
of aerosol breezes that are similar to our model results in scale and cloud distribution. Further
study of the aerosol breeze phenomena is warranted, especially in regions where strong aerosol

gradients may be expected, such as along the edges of wildfire plumes or urbanized regions.
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CHAPTER 1: INTRODUCTION

1.1 Background and motivation

Many of the factors controlling the formation, development, and organization of tropical
shallow convective clouds (i.e. shallow cumulus and cumulus congestus) have been well-studied
and well-understood since the 1950°s (Malkus 1952; Cotton et al. 2011; Randall et al. 2019). The
typical conceptual model of a cumulus cloud is one of a plume or chain of thermals originating
in boundary layer eddies (Scorer and Ludlam 1953; Heus et al. 2009; Hernandez-Deckers and
Sherwood 2016; Moser and Lasher-Trapp 2017; Morrison et al. 2020). These clouds then ascend,
and either grow, or decay, depending on their dynamical and microphysical interactions with
environmental parameters such as static stability, tropospheric moisture, and even aerosol
concentrations.

Climatological stable layers in the tropics (e.g. trade wind inversions, 0°C stable layer) are
known to be important for constraining the vertical development of shallow cumulus and
congestus clouds (Johnson et al. 1999; Posselt et al. 2008). It is also generally agreed that
turbulent mixing and the entrainment of environmental air is crucial for describing convective
development (Siebesma 1998; de Rooy et al. 2013), though there is some disagreement regarding
the origin and properties of air actually entrained into updrafts (Heus and Jonker 2008;
Schmeissner et al. 2015; Smalley and Rapp 2020; Drueke et al. 2020), and the parameterization
of entrainment continues to be a source of uncertainty in large-scale models (Rougier et al.
2009). In more recent years, the impacts of aerosol particles on warm-phase convection have
received much attention, both in terms of their direct radiative and indirect microphysical effects

(Jiang and Feingold 2006; Tao et al. 2012; Sheffield et al. 2015; Igel and van den Heever 2021).



A substantial body of research exists on the processes driving the development of shallow
clouds, not only because they are ubiquitous and relatively simple cloud systems—at least
relative to cumulonimbus, severe convective storms, or mesoscale convective systems—but also
because they play numerous important roles within the climate system as a whole. Shallow
convective clouds control the tropical mass and energy flux budgets by mixing typically dry and
relatively-clean free-tropospheric air into the boundary layer and vice-versa through convective
transport and detrainment (Kuang and Bretherton 2006; Stevens 2007; Takayabu et al. 2010). In
doing so, they are important contributors to the global circulation (Riehl and Malkus 1958).
Furthermore, because they represent a significant amount of tropical cloud cover and rainfall
(Jensen and Del Genio 2006; van den Heever et al. 2011), the radiative feedbacks from shallow
clouds are important for organizing/aggregating convection (Waite and Khouider 2010; Muller
and Held 2012; Naumann et al. 2017). The response of marine boundary layer clouds to climate
change has also been shown to be a key source of uncertainty in global climate models (GCMs)
(Bony and Dufresne 2005; Medeiros et al. 2015). Finally, because their updrafts tend to be
relatively weaker than updrafts in deeper convection, shallow clouds such as cumulus and
congestus tend to be more sensitive to environmental perturbations such as changes to the
aerosol loading (Li et al. 2013a; Sheffield et al. 2015; Igel and van den Heever 2021) and surface
fluxes (Gentine et al. 2019).

Despite the breadth of research on and the clear significance of shallow clouds, there
continue to be facets of their development that are not fully understood. Often, we are able to
address these gaps in knowledge based on well-placed observations obtained during intensive
field campaigns, which are extremely valuable for advancing our scientific understanding.

However, observations only inform us about the state of a system and cannot be used to directly



assess cloud processes. Numerical modeling facilitates our capabilities to understand the
mechanisms and physical processes that drive those observed phenomena. Idealized simulations
in particular can help in boiling down complicated snapshots of “cloud scenes” into more
straightforward and testable science questions.

The two studies that comprise this thesis both attempt to answer questions originating from
the observations made during the Clouds, Aerosol, and Monsoon Processes Philippines
Experiment (CAMP2Ex) campaign conducted in the summer of 2019 (Reid et al. 2022).
CAMP?Ex made extensive and varied measurements of tropical convection, with a particular
focus on the interactions between the large-scale environment, aerosol particles, and shallow
tropical convective clouds. In particular, the studies here focus on three separate but interrelated
areas of uncertainty observed during CAMP2Ex: (1) the factors governing the variability in
congestus development; (2) the processes allowing for transport of aerosol particles into the mid-
troposphere; and (3) the impacts of strong horizontal gradients in aerosol concentration on
mesoscale circulations. The work herein uses high-resolution large eddy simulations (LES) to
explain the dynamical and microphysical mechanisms driving variability in shallow convective
development and the interactions between shallow clouds and the aerosol environment, as was
observed during CAMP?Ex—however, by virtue of using an idealized modelling framework, our
work is also able to shed light on the fundamental physical processes controlling shallow tropical
convection and governing its interactions with the aerosol environment more generally.

1.2 Thesis Outline and objectives

In Chapter 2, we examine the interactions between tropical congestus clouds and their

near-environments. Whether or not a congestus cloud can overshoot the 0°C stable layer is

crucial for the congestus-to-deep convective transition (Johnson et al. 1999; Mapes et al. 2006;



Waite and Khouider 2010; Sokolowsky et al., 2022). However, the processes which determine
congestus development and how those processes are influenced by the environment are still not
well understood. Understanding congestus development is additionally important due to their
role in the convective transport of water vapor and aerosols into the mid-troposphere (Kuang and
Bretherton 2006; Takayabu et al. 2010; Dawe and Austin 2011; Reid et al. 2019). The eventual
fate of the air that is transported vertically through congestus clouds has significant implications
for cloud-processing of aerosol particles, the formation of altocumulous clouds, and the radiative
budget overall. The first and second goals of this thesis are therefore to:

(1) Identify the environmental controls and physical processes that differentiate
congestus which are capped by the 0°C stable layer (i.e. terminal) from those which
to develop past the 0°C stable layer (i.e. transient).

(2) Characterize the differences in the detrainment of water vapor and aerosols from
terminal versus transient congestus.

Thus, in Chapter 2, we first explore the structure of congestus updrafts and describe their
interactions with their near-environments in order to assess the environmental factors that control
their development beyond the 0°C stable layer. We then characterize the processes involved in
congestus detraining aerosol and water vapor into the midlevels, and quantify the differences in
their detrainment based on their height relative to the 0°C stable layer.

In Chapter 3, we switch our focus from the impacts of shallow convective clouds on the
aerosol environment, to the impacts of the aerosol environment on shallow clouds. More
specifically, we investigate the impacts of mesoscale heterogeneity in horizontal aerosol
concentrations on the development of shallow convective clouds. The spatial distribution of

aerosol concentrations is known to have important feedbacks on the distribution and magnitude



of clouds and precipitation, both on a global (Allen et al. 2015; Haywood et al. 2013) and
regional (Herbert et al. 2021; Hodzic and Duvel 2018; Kim et al. 2016; Lau et al. 2008) scale.
Although mesoscale variability in aerosol concentrations has frequently been observed, such as
along the edges of wildfire smoke plumes (Kelleher et al. 2018; Palm et al. 2021) or urban areas
(Lin et al. 2021; Pierce et al. 2019), it is as yet unknown as to whether this variability impacts
convection. In this part of the study, we introduce the concept of an “aerosol breeze”, a
thermally-direct circulation driven by mesoscale gradients in aerosol concentrations—named to
be analogous to other well-observed mesoscale phenomena such as sea breezes or forest breezes,
which are driven by gradients in surface properties. The third goal of this thesis is to:
(3) Determine whether mesoscale horizontal gradients in aerosol loading can drive
“aerosol breezes” that subsequently impact clouds and precipitation.
Finally, in Chapter 4, we present a summary of the major findings and implications of this

thesis research.



CHAPTER 2: CONTROLS ON THE DEVELOPMENT AND CIRCULATION OF
TERMINAL VERSUS TRANSIENT CONGESTUS CLOUDS AND IMPLICATIONS

FOR MIDLEVEL AEROSOL TRANSPORT!

2.1 Introduction

The three modes of tropical convection—shallow cumulus, cumulus congestus, and deep
convection—are capped by layers of increased static stability at the trade wind inversion (~2km
AGL), the 0°C stable layer (~5km AGL), and the tropopause (~15-16 km AGL), respectively
(Johnson et al. 1999; Masunaga et al. 2005; Posselt et al. 2008). The congestus mode is relatively
understudied compared to shallow cumulus and deep convection, but is still of interest due to its
role as an intermediary in the transition from shallow to deep convection (Mapes et al. 2006;
Waite and Khouider 2010), its capacity to flux mass and energy into the midlevels (Kuang and
Bretherton 2006; Takayabu et al. 2010), and its significant contribution to tropical precipitation
(Lau and Wu 2003; Jensen and Del Genio 2006; van den Heever et al. 2011). Furthermore,
because their updrafts are somewhat weaker than deep convective clouds, congestus are also
more susceptible to aerosol forcing than faster and deeper updrafts since the resulting warm-
phase invigoration is not offset by changes to ice-phase microphysics as in deep convection (Li
et al. 2013a; Sheffield et al. 2015). Understanding the factors that govern congestus development
and their potential transition into deep convection is therefore important for improving scientific

understanding and model representation of tropical convection.

! This study, titled “Controls on the Development and Circulation of Terminal versus Transient
Congestus Clouds and Implications for Midlevel Aerosol Transport” (Leung, G.R. and S.C. van
den Heever, 2022) has been accepted in the Journal of the Atmospheric Sciences.



Within the congestus mode it is important to distinguish between what are referred to as
terminal and transient congestus (Luo et al. 2009) in order to enhance our understanding of both
convective detrainment and the shallow to deep convection transition. In Johnson et al. (1999),
congestus are identified in relation to the 0°C stable layer, but they also found considerable
numbers of congestus overshooting this level. Luo et al. (2009) defined terminal congestus as
those which have ceased to develop vertically past this 0°C stable layer (~4-6km AGL). Terminal
congestus typically detrain around that stable layer, which is formed from the melting of
hydrometeors from dissipating anvil clouds and other mixed-phase clouds (Johnson et al. 1999)
and sustained by clear air subsidence and radiative cooling (Posselt et al. 2008). On the other
hand, transient congestus penetrate this stable layer and continue developing aloft. These
transient congestus may later become deep convective clouds if the additional latent heat
released in the mixed-phase regions above the 0°C level sufficiently increases the updraft
buoyancy (Johnson et al. 1999; Li et al. 2013a; Sheffield et al. 2015; Mecikalski et al. 2016). The
development of congestus above the 0°C level, and subsequent latent heat release in mixed-phase
regions, has implications for the flux of energy and moisture into the midlevels and beyond,
since ice processes are crucial to the mechanisms by which tropical convection drives large-scale
circulations such as the Hadley cell (Riehl and Malkus 1958; Zipser 2003; Fierro et al. 2009;
McGee and van den Heever 2014). The proportion of congestus clouds that are transient may
also impact the vertical transport of boundary layer air, water vapor, energy and aerosols, into the
mid- and upper levels of the troposphere (Dawe and Austin 2011; Reid et al. 2019), from where
they may subsequently influence other cloud processes including new cloud formation.

Traditionally, the differences in development between terminal and transient congestus

have been attributed to buoyancy, which has been used in remote sensing studies to identify



which congestus are likely to continue developing (Luo et al. 2009). It is thought that terminal
congestus either have less low-level environmental convective available potential energy
(CAPE) to begin with; are limited by the entrainment of dry air above the boundary layer, which
leads to evaporation of droplets and a subsequent reduction in buoyancy; or are unable to regain
positive buoyancy upon encountering the 0°C stable layer (Redelsperger et al. 2002). There is
some observational and modeling evidence to support the dominant role of dry air entrainment in
governing congestus buoyancy and overall height, showing that the cloud top height (CTH)
distribution is more strongly correlated with midlevel humidity than low-level CAPE or the
magnitude of midlevel stability (Redelsperger et al. 2002; Takemi et al. 2004; Jensen and Del
Genio 2006). However, the prior focus on correlations between environmental parameters and
the population CTH distribution have not included establishing the mechanisms by which the
environment influences the development of individual congestus clouds or ensembles of
congestus. Momentum budgets have been analyzed for thermals and deep convective clouds. In
general, these studies agree that the primary forces acting on thermals and on steady-state cloud
ensembles are buoyancy and perturbation pressure gradient forces (PPGF), with lesser
contributions from momentum entrainment (de Roode et al. 2012; Sherwood et al. 2013; Romps
and Charn 2015; Peters 2016; Morrison and Peters 2018; Tian et al. 2019), although the relative
magnitudes of each force depend on whether the full cloud volume or only the updraft volume is
being considered (Wang and Zhang 2014; Savre 2021). While such momentum budgets have
been analyzed for thermals and deep convection, similar momentum budget analysis has not
been conducted specifically for congestus clouds. A more detailed analysis of congestus updraft
momentum budgets would therefore be valuable, especially for potential applications to cumulus

parameterizations. The physical mechanisms that govern whether a congestus cloud becomes



transient or remains terminal—in particular, whether this can be determined by buoyancy
alone—are still not yet well understood. Determining controls on congestus cloud top height will
help to improve model representations of convective development processes, cloud top height
distributions, as well as the overall energy and moisture budgets, and will allow us to assess how
these may change in a warming climate. A better understanding of congestus acceleration
budgets would also aid in understanding the physical processes behind aerosol impacts on
congestus and how these are represented in models (Sheffield et al. 2015; Marinescu et al. 2021),
though specific work on aerosol impacts on congestus is left for a future study.

In this work, we attempt to better characterize the dynamical and microphysical processes
governing congestus development. Particular focus is given to identifying those factors which
differentiate transient and terminal congestus, and how those differences impact the detrainment
of water vapor and aerosols from congestus into the midlevels. Specifically, this study aims to
answer two questions: (1) What physical mechanisms allow transient congestus to overshoot the
0°C level and continue developing while terminal congestus are capped? and (2) How does
congestus cloud top height relative to the 0°C level impact the detrainment of water vapor and
aerosols? An idealized, high-resolution large eddy simulation (LES) of a tropical congestus field
provides a robust sample of congestus updrafts to identify, composite, and analyze. Differences
between transient and terminal composites are explored in terms of updraft and near-
environment structure, as well as the physical processes governing those distributions. Finally,
the differences in the circulations of terminal and transient congestus are explored in terms of
their implications for convective transport of aerosol particles, specifically in terms of their

impact on midlevel detrainment of aerosol and water vapor.



2.2 Model description and analysis approach
a Model description

We perform the simulations for this study with the Regional Atmospheric Modeling
System (RAMS) (Cotton et al. 2003; Saleeby and van den Heever 2013), a non-hydrostatic
cloud-resolving model with advanced microphysics and aerosol schemes. RAMS uses a two-
moment, bin-emulating bulk microphysics scheme. Cloud water, rainwater, and five ice
hydrometeor species (pristine ice, snow, aggregates, graupel, and hail) were enabled to capture
both the warm and mixed-phase processes found in congestus clouds. Cloud droplets are
activated from available cloud condensation nuclei (CCN) when sufficient water supersaturation
is achieved. In the mixed-phase, cloud water can be transferred to ice species by contact
nucleation, riming, the Wegner-Bergeron-Findeisen process, and homogenous freezing (Saleeby
and Cotton 2008; Saleeby and van den Heever 2013). Heterogenous nucleation via deposition
nucleation, condensation freezing, and immersion freezing are parameterized for temperatures
below 0°C based on DeMott et al. (2010).

RAMS aerosol mass budget capabilities were also enabled to further track the proportion
of aerosol in four categories: (1) unprocessed aerosol, (2) in-hydrometeor aerosol, (3)
regenerated aerosol, and (4) surface-accumulated aerosol (Saleeby and van den Heever 2013).
Aerosol particles are removed from the domain upon the activation of cloud droplets, which
transfers the aerosol mass to an in-cloud category and then to other in-hydrometeor categories as
cloud mass is transferred between liquid and ice hydrometeors. Hydrometeor evaporation under
subsaturated conditions transfers the in-hydrometeor aerosol mass to a regenerated aerosol
category. Those aerosols that are not activated remain in the unprocessed aerosol category. The

amount of aerosol accumulated onto the surface via wet deposition or rainout is also tracked.
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Aerosol particles can be advected around the domain and a negligible proportion of the initial
aerosol mass is lost to diffusion and dry deposition. Additional details about the representation of
aerosol processes are available in Saleeby and van den Heever (2013).

b Model configuration and initialization

The idealized simulations were run over a fully oceanic domain with a fixed sea surface
temperature and doubly periodic lateral boundaries. The domain was 100km x 100km in the
horizontal with a grid spacing of 100m. The vertical grid consisted of 120 levels spanning
~15km, with grid spacing stretching from 50 to 200m. There are 18 model levels between the
surface and 1km, and 63 model levels between the surface and the 0°C level (~5.1km). The
simulation was run for 48 hours from 0 UTC (8 a.m. local time), with a timestep of 0.75s and
output files produced every 5 minutes. This high spatiotemporal resolution allows the model to
resolve large turbulent eddies and capture the detailed horizontal and vertical structure of
congestus updrafts, subsiding shells, and detrainment layers (Peters et al. 2019; Savre 2021) .
Surface fluxes of heat and moisture are prognosed using the LEAF-3 submodel (Walko et al.
2000).

Initial conditions were horizontally homogenous and based on a dropsonde from the
Cloud, Aerosol, and Monsoon Processes Philippines Experiment (CAMP?Ex) (Reid et al. 2021).
This dropsonde was selected because it sampled the tropical maritime environment near several
congestus clouds, and because it allowed a congestus field to develop for several hours before
transitioning towards deeper convective modes. The dropsonde was taken at approximately
3UTC, close to the initialization time of the model. The dropsonde profile was vertically
smoothed by taking the mean value every 150m to reduce sudden discontinuities in the data

while maintaining the observed stable layers. To represent atmospheric information above the
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dropsonde launch altitude, ERA-5 data from the same time period were averaged over a 1°x1°
box containing the congestus field (between 8-9°N, 119-120°E). A weighted average of the
dropsonde and ERA-5 profiles was taken between 5 and 6km AGL, such that the resulting
profile tapered off linearly between the dropsonde profile at Skm AGL to the ERA-5 profile at
6km AGL. The resulting smoothed sounding, representing conditions favorable to the
development of congestus over the ocean in the Maritime Continent (Reid et al. 2022), is shown
in Figure 2.1. Additional observational context of congestus clouds from CAMP?Ex that are
similar to the clouds simulated in this paper can be found in Reid et al. (2022). It should be noted
that there is vertical wind shear between 550 and 450hPa, which has been found to promote the
formation of congestus over deep convection (Tian et al. 2021). Random thermal perturbations
with a maximum amplitude of 0.1K were introduced within 500m AGL of the lowest model
level above the surface to initiate convection.

Sulfate aerosol particles were initialized horizontally homogenously and decrease
exponentially with height starting from a maximum number concentration of 500/mg at the
surface, with an e-folding height of 7km. Ice nuclei were initialized with the same distribution
but starting from a maximum number concentration of 0.01/mg. The size distribution of sulfate
aerosol particles was represented as a log-normal with a median radius of 0.09 microns and a
geometric standard deviation of 1.8, both of which are representative of the aerosol distributions
measured in CAMP?Ex (Reid et al. 2022). Aerosol-radiation and microphysical-radiation
interactions were included in the simulation. After initialization, the model is allowed to evolve
freely with no additional large-scale forcing applied. The diurnal cycle of radiation is represented

using the Harrington two-stream radiation scheme, updated every 5 minutes (Harrington 1997).

12



The longitudinal variation of shortwave radiation is also represented (Saleeby and van den

Heever 2013). Further details about the model set-up are summarized in Table 2.1.

¢ Congestus identification

Convection develops in the simulation ~5 hours after initialization. Congestus clouds
develop 2.5 hours after the onset of shallow cumulus (shown by the contours in Figure 2.2a that
reach above 4km AGL and a coincident increase in updraft velocities in Figure 2.2b). The first
7.5 hours of the simulation before congestus clouds develop are treated as model spin-up time
and excluded from the analysis. Figure 2.3 shows a sample of the simulated cloud field at one
timestep. Although deep convection is limited in this simulation, the congestus clouds appear
alongside shallower cumulus and must be separated from these other types of clouds in the
simulation to facilitate the analysis. To investigate the microphysical and dynamical
characteristics of the updraft core of active congestus, we only perform the analysis on cells
which are cloudy (defined as having cloud liquid + ice condensate with mixing ratios greater
than 0.01 g kg™") and have updrafts (defined as having vertical velocity greater than 1 m s™).

Individual congestus updrafts are identified using tobac (Tracking and Object-Based
Analysis of Clouds), a recently-developed tracking algorithm that allows for the offline
identification of updraft features and associated condensate volumes (Heikenfeld et al. 2019).
First, two-dimensional updraft “features” are identified at each analysis timestep (At =
5 minutes) using the maximum vertical velocity between 2 and 7 km in each column. For
clarity, “features” are used in this paper to describe an updraft or cloudy region at one timestep,
while “cells” refer to a set of updraft or cloudy features tracked as connected in time. These

features are identified at multiple threshold values (1, 3, 5, and 10 m/s), and an area-weighted

13



centroid is assigned to each feature. Secondly, contiguous regions of cloudy grid cells are
identified and, if possible, associated with a given updraft feature using a watershedding
technique. A check is done to ensure that the updraft maximum is actually located within the
cloudy region, and any other cloudy cells in the column that are not contiguous with the updraft
maximum are excluded. From these cloudy points, the contiguous updraft region (with positive
vertical velocity) is selected. Thirdly, identified updraft features are linked in time by matching
up features in previous timesteps with nearby features in subsequent timesteps based on the
predicted updraft motion to create trajectories of tracked “cells”. Any features that are not linked
to a trajectory or have a lifetime of less than 5 minutes (i.e. is not identified in at least two
consecutive timesteps) are excluded from the analysis as a quality check.

Because tobac allows updrafts to be tracked in time, we can determine cloud statistics at
each timestep and over the lifetime of the updraft. Cloud top height is identified for each feature
as the maximum altitude where cloud condensate is greater than 0.01 g kg'!, and cloud base
height is similarly identified as the minimum altitude where cloud condensate reaches the
threshold. For each cell trajectory, a maximum CTH is also identified from the feature CTHs at
each timestep. We define congestus updrafts in this paper as cells which have (1) a cloud base at
each timestep below 2km thereby excluding midlevel clouds, such as altocumulus, which have a
much shallower vertical extent; (2) a maximum CTH over all timesteps between 4 and 7km; and
(3) no other clouds located within the same column for at least 1km above cloud top or below
cloud base at any timestep. These requirements are very similar to past studies (Sheffield et al.
2015).

It is important to note that congestus at the very beginning or very end of their life cycle,

when their updrafts are weaker than 1 m s, are excluded from the analysis. The tracking
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algorithm, as with most tracking algorithms, requires a physically-informed threshold to be set as
a minimum for detecting updrafts, and thus this limitation in terms of capturing the full updraft
life cycle would be present for any variable used for tracking. However, due to the multiple
threshold capabilities of tobac, we are able to set a fairly low minimum threshold which we
believe allows us to capture a vast majority of the congestus lifetime.

d Defining terminal and transient congestus

In Luo et al. (2009), terminal and transient congestus are defined based on whether they
are negatively or positively buoyant at the time of observation, and hence as to whether they will
continue to vertically develop. Although we adopt the terminology transient and terminal, we
use a modified definition in this paper since we are interested in whether a given congestus cloud
is capped by the 0°C stable layer.

For each tracked cell, if an identified congestus updraft belongs to a cloud with a
maximum CTH between 4km and the 0°C level (~5.1km for this simulation) throughout its
tracked lifetime, it is considered terminal. If the maximum CTH reached over the cloud lifetime
is between the 0°C level and 7km, it is considered transient. Transient congestus are further
subdivided at each timestep into developing transient and mature transient, based on the CTH
assessed at the timestep in question. Although both developing and mature transient congestus
eventually reach above the 0°C level at some point in their lifetime, developing transient are
those with a CTH below the 0°C level during a given timestep, while mature transient are those
with a CTH above it. This allows us to compare congestus before they reach the 0°C level to see
what differentiates those that are capped or constrained (i.e. terminal) from those that continue to

develop vertically (i.e. developing transient). There were very few updrafts which extended
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above 7km, but when identified, these were considered as deep convection and excluded from
our analysis.

In this work, we track congestus and classify them as terminal or transient based on CTH
at 5-minute output resolution. It is possible that a congestus may reach a greater CTH than the
identified maximum CTH at some time in between sampling; in this case, this would potentially
blur the classification between congestus subcategories. However, this is most likely to happen
around the tallest terminal congestus (e.g. when a terminal congestus close to the 0°C level does
actually ascend above it for less than 5 minutes in between analysis times). Since the
development only persists briefly, it is unlikely to significantly impact the general results.

e Compositing approach

Once congestus clouds are identified and classified as terminal or transient, they are
aligned in space to generate composites of various fields for each type of congestus. This process
is illustrated in Figure 2.4. For each congestus updraft, a given field ¥ (x, y, z) is redefined
relative to the updraft core, defined as the centroid of updraft points at each vertical level
weighted by the updraft velocity, to give a transformed field ¥ (r, 8, z). Normalized coordinates
are used in the radial direction, and physical coordinates are used in the vertical. The radial
distance r is normalized by the updraft radius r'(6, z), which is a function of altitude and
azimuthal angle, to give r* = % — 1, such that r*<0 inside the updraft, r*=0 at the updraft edge,
and r*>0 outside the updraft (Figure 2.4a-d).

Similar to previous analyses, an azimuthal average is taken to yield a composite field in the
radial direction (Sherwood et al. 2013; Romps and Charn 2015; Peters et al. 2019; Savre 2021).
The normalized composites allow for an investigation into general updraft structure without

“smearing” the features by averaging updrafts of different widths. On the other hand, using
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physical coordinates for the vertical dimension is useful to compare how dynamic and
microphysical fields differ at fixed altitudes (e.g. the 0°C level). Such vertical composites are
shown in Figure 2.4d-f. Key regions within the updraft referred to within the text (e.g., updraft
shell, updraft core, entrainment/detrainment regions, etc.) are annotated on Figure 2.4d-f to
assist in orientating the reader, while a more detailed description of these features can be found
in Section 2.4b.

2.3 Congestus characteristics

In this section, bulk characteristics of the congestus field and differences among transient
and terminal congestus are explored. A total of 1552 congestus updraft features comprising 445
tracked cells are observed (Figure 2.5a). The CTH distributions (Figure 2.5b, ¢) show a clear
peak between 4-7km, which supports the definition of congestus clouds used in this paper. The
dashed horizontal line representing the mean 0°C level also separates the congestus distribution
into two populations (terminal and transient). Terminal congestus make up 66.0% of tracked
cells (Figure 2.5a). The other 34.0% of congestus updrafts reach above the 0°C level for at least
one timestep during their tracked lifetime, with 14.0% of those extending above the 0°C level in
the current timestep, and hence considered as mature transient congestus.

The proportion of transient congestus to the total number of congestus observed over the
entire simulation is similar to the 30-40% of positively buoyant congestus that Luo et al. (2009)
observed using CloudSat overpasses, though the definitions of terminal and transient congestus
here are different than those in Luo et al. (2009). That being said, the fraction of congestus
considered transient does vary over the course of the simulation.

Despite there being a greater number of terminal congestus updrafts over the simulation

period (Figure 2.5a), transient congestus updrafts occupy a similar volume overall to the
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terminal congestus updrafts (Figure 2.5d). In terms of mean updraft size, Figure 2.6b indicates
that the mature transient congestus are the largest at all vertical levels. For congestus below the
0°C level, terminal and developing transient updrafts having have similar radii below 2km, but
developing transient congestus (light blue lines in Figure 2.6b) begin to have wider updrafts
above 3km. That being said, because there are more numerous terminal congestus, they occupy a
larger total area for vertical levels below 3km (Figure 2.6a). Although developing transient and
terminal congestus updrafts have similar cloud top heights, those that will grow above the 0°C
level (i.e. developing transient) tend to be wider close to the cloud top.

The overall structure of congestus updraft velocities is fairly consistent (Figure 2.7). The
fluctuations in updraft velocity coincide with stable layers in the domain (Figure 2.1): updrafts
slow down as they ascend through the trade wind stable layer between 2-3km and then again at
the 0°C level stable layer between 4-5.1km (dashed gray line in Figure 2.7). Differences between
terminal and developing transient congestus updrafts become clear above 2.7km (solid gray line
in Figure 2.7), with developing transient congestus updraft velocities being stronger thereby
allowing them to ascend through the 0°C stable layer. Transient congestus continue to have faster
updraft velocities until reaching maturity (Figure 2.7e). This increased updraft velocity enhances
the ability of transient congestus to reach higher altitudes, impact the midlevel environment
around the 0°C level, and thus potentially support the transition into deep convection.

2.4 Vertical acceleration budget
a Vertical acceleration calculation
In the next few sections, we investigate the physical processes driving the differences in

terminal and transient congestus based on the vertical acceleration budgets. The conditionally
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sampled vertical momentum equation can be written in the following form, and is similar to de

Roode et al. (2012) and many cumulus parameterizations:
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where we sample only cloudy updraft points or some subset of those points (e.g. only

terminal congestus updrafts, etc.). At each vertical level, the conditionally sampled area is
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A.. The conditional average is represented by the | |, operator, such that ||, = "

Similarly, terms with a subscript Y. are density-weighted conditional averages such that ¢, =
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Ao where p is the density. The full derivation of Equation (1), is shown in the appendix.

The term on the left-hand side of Equation (1) is the time tendency of updraft velocity w for a

given timestep at each vertical level. The terms on the right-hand side represent forcings that
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drive the vertical acceleration. The first term is the acceleration due to buoyancy (B = g ot
0

ar, 16;6 — gr;), where g is the gravitational acceleration, @ is potential temperature, 7;, is the

water vapor mixing ratio, and 7, is the total condensate mixing ratio; specifically, this can be
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broken down into buoyancy due to thermal perturbations (g 6—), water vapor mixing ratio
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perturbations (gr,’ %), and condensate loading (—gr;). The second term is the acceleration due

to the PPGF, where p is the pressure. The third term is entrainment of vertical momentum
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into/out of the conditionally sampled area (where vy is the horizontal wind vector), and the last
two terms are the bulk and turbulent advection of vertical momentum, respectively.

The prime (’) on the terms in Equation 1 denotes a perturbation calculated relative to an
environmental base-state (denoted by a zero subscript). We follow a similar approach to
Marinescu et al. (2021) in calculating the base-state. At each timestep, the median of all non-
cloudy grid points (condensate < 0.01 g kg™!) is taken at each model altitude thus comprising the
environmental profile from which to calculate perturbations at each timestep. We use the median
of non-cloudy grid points rather than the temporally invariant model base state, but the two are in
good agreement and differ only marginally. It should be noted that at each timestep, the
perturbation is taken from a single background profile rather than relative to the nearby
environment of each updraft for the sake of simplifying computations, though this may cause
some deviation from the actual acceleration experienced by an updraft (Davies-Jones 2003;
Peters 2016).

b Composite vertical profiles

Mean vertical profiles of the terms driving the vertical velocity for each congestus type are
shown in Figure 2.8. Over the whole congestus ensemble, buoyancy and PPGF (Figure 2.8b-c)
have the largest magnitudes, which is consistent with many past studies of updraft momentum
budgets (e.g. de Roode et al. 2012). Buoyancy and PPGF have approximately opposite trends
with a slight offset in the vertical such that the PPGF acts as a drag on the buoyancy acceleration.
The horizontal entrainment of momentum is close to zero (Figure 2.8¢). Turbulence and vertical
advection of momentum (Figure 2.8f-g) generally have smaller magnitudes than buoyancy and

PPGF throughout the column, but have appreciable magnitudes nearing the 0°C level and above.
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Although buoyancy and PPGF account for the largest magnitudes of updraft acceleration,
their sum does not fully describe the shape of the vertical velocity profile. Positive net
accelerations would generally lead to increases in vertical velocity with height, with the opposite
for negative accelerations. The combination of buoyancy and PPGF (Figure 2.8d) does not
match up with the turning points in the vertical velocity profile (Figure 2.8a), which are drawn
as gray lines to guide the reader. Instead, accounting for the acceleration due to vertical
advection (both bulk advection in Figure 2.8g and sub-plume fluctuations in Figure 2.8f) leads
to a better alignment with the mean updraft profile (Figure 2.8h).

As shown previously, mature transient congestus have stronger updrafts than terminal
congestus all throughout the column (Figure 2.8a). On the other hand, developing transient
congestus only have stronger updrafts than terminal congestus above 2.7km AGL (Figure 2.9a).
This increase in developing transient updraft velocity occurs alongside an increase in buoyancy
relative to terminal congestus (especially thermal buoyancy, as shown in Figure 2.9b-c¢). This
adds support to earlier findings that environments favoring more buoyant updrafts tend to
produce more transient congestus (Redelsperger et al. 2002; Takemi et al. 2004; Jensen and Del
Genio 2006). Although a combination of acceleration terms is needed to fully describe the shape
of the vertical velocity profile, buoyancy is the primary driver of those congestus which are able
to ascend through the 0°C level.
¢ Composite cross-sections

We have shown that directly below the 0°C level, transient congestus tend to be more
buoyant than terminal congestus, which allows them to continue developing vertically through

the 0°C stable layer. In order to improve our physical understanding as to why this is the case, we
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construct combined vertical and radial composites to examine the horizontal structure of the
updraft and its interactions with the surrounding environment.

Figure 2.10 shows composite cross-sections of total condensate, vertical velocity, cross-
cloud edge velocity, and latent heat released as a result of vapor to liquid transitions for terminal,
developing transient, and mature transient updrafts. The vertical axis corresponds to altitude. The
horizontal axis represents normalized distance from the cloud edge, with the cloud edge located
at r*=0 (black dashed line), the in-cloud points located to the left of r*=0 (black dashed line), and
the environmental points to the right of r*=0. Wind barbs show the mean circulation through the
updraft. It is evident that updraft velocity and condensate tend to decrease moving radially
outwards from the center (Figure 2.9a-f), which is consistent with a switch from net latent heat
release within the updraft core arising from condensation and cloud droplet activation (warm
colors in Figure 2.10j-1), to net latent heat absorption outside the updraft due to evaporation
(cool colors in Figure 2.10j-1).

Directly surrounding the updraft, there is a shell of subsiding air that is narrower than the
updraft itself (Figure 2.10d-f). The strongest downdrafts occur just below the level of cloud top,
at the altitude of maximum updraft velocity, a feature also observed by Savre (2021). The shape
of the subsiding shell is consistent with vortex dynamics and numerous other studies focused on
such effects (Sherwood et al. 2013; Romps and Charn 2015; Peters et al. 2019; Savre 2021). The
composite wind field shows the updraft and downdraft as part of a circulation with entrainment
near cloud base and detrainment towards cloud top (Figure 2.10g-i). Closer to the updraft core,
mean winds are directed towards the updraft core as high ~3-4km AGL.

Overall, mature transient congestus have faster updraft velocities (Figure 2.10d,f) and

more condensate mass (Figure 2.10a,c) than terminal congestus. The differing height relative to

22



the 0°C level also strongly impacts the subsiding shell. Terminal congestus downdraft shells are
more column-shaped, extending fairly continuously until close to cloud base (Figure 2.10d).
Mature transient congestus have more of a vortex-driven structure, with a strong downdraft at
cloud top height to just above the 0°C level and weaker downdrafts below. The updraft
circulation is broken up by the stable layer to form distinct circulations above and below the 0°C
level (Figure 2.10i). Similar large-scale circulations around the 0°C level were also seen in
Posselt et al. 2008.

To further investigate why terminal congestus tend to be less buoyant than developing
transient congestus above 2.7km AGL (as shown in Figure 2.9), and thus why developing
transient congestus are ultimately able to extend past the 0°C level, we compare their cross-
sections of various properties in Figure 2.11. Looking at these cross-sections allows us to
identify differences not only within the updraft, but also between the environments in which the
two types of congestus develop.

Transient congestus tend to develop in more humid environments (r*>2 in Figure 2.11c¢),
particularly above ~2km AGL. At corresponding altitudes, terminal congestus experience more
evaporation of cloud droplets (Figure 2.11f) alongside a drop in buoyancy relative to transient
congestus (Figure 2.9b-c). This suggests that transient congestus are more protected from
dilution in the midlevels between ~3km AGL and the 0°C level, explaining their faster updraft
velocities in this region (Figure 2.9a). Transient congestus updrafts are mixed with more humid
environmental air, leading to less droplet evaporation and greater buoyancy compared to
terminal congestus at the same altitudes. The importance of humidity between the trade wind and
0°C level stable layers supports previous research (e.g., Redelsperger et al. 2002) that found

midlevel dry layers to be the most important environmental factor determining congestus height.
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This effect is compounded by transient congestus being wider than terminal congestus at
those altitudes (Figure 2.6b), which further protects their updraft cores from dilution. The
difference in equivalent potential temperature (6, ) is shown in Figure 2.11j-1 as a metric for
dilution, with larger 6, values correspond to air originating from the surface, and decreases in 6,
from cloud base to cloud top being reflective of environmental air mixing into the updrafts.
Comparing the terminal and developing transient congestus shows that terminal congestus tend
to be more diluted (Figure 2.111), particularly above ~2.7km where the substantial differences in
updraft width contribute to differences in buoyancy dilution and thereby overall vertical
momentum.

The increase in updraft velocities below the 0°C level allows developing transient
congestus to activate and maintain more cloud condensate as they encounter the 0°C stable layer
(Figure 2.11i, Figure 2.6¢). As mature transient congestus cross the 0°C level, they do still
experience a dip in buoyancy as a result of the increased condensate loading and the decreased
thermal buoyancy (dark blue line in Figure 2.8b). However, upon crossing the 0°C level, the
condensate can start to freeze and release latent heat (Figure 2.100), which allows them to regain
some buoyancy (Figure 2.8b) and continue developing vertically.

2.5 Aerosol activation and detrainment

The differences in vertical development between terminal and transient congestus as
discussed in Section 2.4 lead to differences in cloud top height relative to the 0°C level. In this
section, we examine the effects of those differences on the convective transport of water vapor
and aerosol particles. RAMS aerosol budget capabilities (Saleeby and van den Heever 2013)
allow us to track how aerosol particles within the model domain interact with, and are

redistributed by, congestus updrafts. Figure 2.13 shows composites of water vapor and three
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separately tracked terms within the aerosol budget taken as perturbations from the clear-sky
mean at the same timestep. Aerosol particles are initialized in the unprocessed aerosol term.
When they are activated as CCN in cloud droplets, the aerosol mass is transferred to the in-
hydrometeor aerosol term. As those hydrometeor droplets evaporate under subsaturated
conditions, the aerosol mass contained in those droplets is returned to the domain in the
regenerated aerosol term.

Transient and terminal congestus have similar patterns of the surrounding aerosol fields:
unprocessed aerosol concentrations are lower around and within congestus updrafts, as those
aerosol particles are activated as CCN and are subsequently transferred to the in-hydrometeor
category. A majority of aerosols enter the updraft at cloud base at the entraining branch of the
overturning circulation involving the updraft and its surrounding shell (Figure 2.12a,b). For
transient congestus though, which extend above the 0°C level, the overturning circulation is
broken into two circulations, one above and one below the 0°C stable level (Figure 2.10f,i). As a
result, there is also entrainment into the updraft at the 0°C level for mature transient congestus
(Figure 2.12b). This entrainment of aerosol particles around stable layers has implications for
what air masses are entrained into clouds, especially in regions with vertical inhomogeneity in
aerosol or water vapor concentrations.

Once the aerosol enters the updraft, it activates cloud droplets and enters the in-
hydrometeor aerosol category (Figure 2.12d-e). Most aerosol particles are activated within 2 km
above cloud base, with more being activated towards the center of the updraft, where updraft
velocities are highest and the concomitant production in supersaturation is greatest, compared

with the outer regions of the updraft. Transient congestus activate more aerosol particles than
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terminal congestus throughout most of the column (Figure 2.12f), due to their stronger updraft
velocities producing higher supersaturations.

Aerosol particles are regenerated, and returned to the atmosphere, along cloud edges where
the updraft is weak and supersaturation is insufficient to activate available CCN and condense
water onto existing droplets. Hence, evaporation dominates (Figure 2.12 g-h). Once the liquid
water is evaporated the aerosol particles are returned to the subsaturated environment. As the
droplets evaporate, water vapor is also enhanced relative to the clear-sky background (Figure
2.12 j-k). Most aerosol is regenerated near cloud top and along the edges of the updraft which is
in keeping with the fact that these regions of the cloud are more susceptible to dry air
entrainment and mixing, and hence evaporation. Around the cloud edges, terminal congestus
evaporate more readily (Figure 2.11j) upon mixing with their less humid environments (Figure
2.11a), compared to transient congestus. As a result, they subsequently release more regenerated
aerosol than transient congestus (Figure 2.121).

Transient congestus also regenerate notable aerosol mass within the updraft above the 0°C
level (Figure 2.12h), despite being buoyant with a positive acceleration at those altitudes
(Figure 2.8b, g), and an associated net release of latent heat (Figure 2.101). This increase in
regeneration may be attributed to reductions in updraft velocity and hence the generation of
supersaturation after penetrating the 0°C stable layer. Regeneration may further be increased in
the transition from warm to mixed phase regions as ice nucleation begins, and liquid water is
evaporated and lost to ice through the Wegner-Bergeron-Findeisen process (Verheggen et al.
2007; Engstrom et al. 2008; Corr et al. 2016). These returned or regenerated aerosol particles are

transported outward in the detraining layer, as well as downward in the subsiding shell. This
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detrainment of aerosol particles lead to enhanced aerosol concentrations as far as two updraft
radii away from the updraft edge (~2-4km away).

Although transient congestus have comparatively stronger downdrafts than terminal
congestus at their respective cloud top heights (Figure 2.10d, f), terminal congestus downdrafts
extend all the way to cloud base, while mature transient congestus downdrafts are broken up by
the 0°C stable layer. 4s a result, terminal congestus have greater amounts of regenerated aerosol
between the surface and 3km (Figure 2.12i), while transient congestus have greater regenerated
aerosol and water vapor in midlevel detrainment layers. The aerosol and water vapor being
detrained above the 0°C stable layer in mature transient congestus clouds are less able to be
transported to the surface by virtue of the presence of the stable layer, and a local maximum of
aerosol and water vapor is formed around the 0°C level. This has significant implications for
subsequent aerosol activation and the formation of cloud droplets in altocumulus clouds. This
also emphasizes the role of congestus detrainment in modifying the near-cloud environment, as
well as the manner in which the heights of terminal and transient congestus relative to stable
layers influence this modification.

2.6 Discussion and conclusions

Despite the importance of cumulus congestus as a mode of tropical convection, relatively
little is understood about what causes some congestus to be capped by the 0°C stable layer (i.e.
terminal) while others are able to penetrate the 0°C stable layer and continue to develop
vertically (i.e. transient). With the goal of enhancing our scientific understanding of congestus
updraft processes, we conducted high-resolution large eddy simulations of an idealized congestus
cloud field and created composites of congestus properties in both the vertical and radial

dimensions. The use of tobac, an object-tracking algorithm, allowed for updrafts to be tracked in
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time thereby providing a more accurate comparison of terminal versus transient congestus
processes than afforded by domain averages or other bulk analyses.

We first examined the physical mechanisms that govern the updraft acceleration budget of
congestus clouds. The balance between buoyancy and perturbation pressure gradient
accelerations was shown to describe the shape of the updraft vertical velocity profiles better than
either term alone. We also showed that accounting for vertical advection of momentum
throughout bulk and turbulent motions improved the representation of the overall vertical
velocity profile than simply considering the sum of the buoyancy and PPGF.

We demonstrated that transient congestus have stronger updrafts and higher cloud tops
than terminal congestus. Despite these differences, both types of congestus have similarly
structured updrafts characterized by an overturning circulation between the updraft and
surrounding subsiding shell. A conceptual schematic depicting the overturning circulations of
terminal and transient congestus is shown in Figure 2.13. Terminal and transient congestus
updrafts are both surrounded by relatively weaker downdrafts, though terminal congestus
downdrafts are more vertically homogenous and extend all the way to cloud base. Transient
congestus downdrafts on the other hand have stronger maxima above the 0°C level, and the
overturning circulation is broken up into distinct branches separated by the 0°C stable layer in
addition to the branches separated by the trade wind stable layer.

In analyzing which factors of the vertical acceleration budget predominantly influenced the
differences between the two types of congestus, we have shown that buoyancy is essential for
distinguishing between transient and terminal congestus. This supports previous work that found
strong correlations between environments favoring more buoyant updrafts and taller congestus

(Jensen and Del Genio 2006; Redelsperger et al. 2002). We established a physical mechanism for
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this process by showing that transient congestus are surrounded by more humid environments
above 2.7km AGL, which corresponds to more protection from evaporation, increased buoyancy,
and ultimately increased vertical velocity near the 0°C level relative to terminal congestus.

Finally, aerosol budget tracking and compositing allowed us to describe how detrainment
from congestus updrafts influenced their near-cloud environments, including aerosol loading.
Transient congestus ingest more aerosols due to their increased updraft velocities. Terminal
congestus regenerate more aerosol along their edges due to increased evaporation as a result of
their drier environments. However, beyond the subsiding shell, transient congestus have a larger
contribution to midlevel aerosol layers, as they detrain aerosols above the 0°C stable layer and
rapidly transport it radially outwards, rather than directly towards the surface due to constraints
imposed by the 0°C stable layer. By virtue of both of these different water vapor and aerosol
detrainment circulations, the ratio of terminal to transient congestus within an environment
therefore has implications for the location and development of mid-level clouds such as
altocumulus.

It should be cautioned that the results of this study, while based on a large population of
congestus updrafts at varying stages of their life cycle, only describe one tropical maritime
environment. The environment influences the vertical structure of the congestus and the
proportion of terminal to transient congestus. It would be interesting to utilize the vertical
acceleration framework used in this study to examine how the balance between buoyancy, PPGF,
and vertical momentum advection changes with environmental properties such as the strength of
the 0°C stable layer, mid-level humidity, wind shear, and even the vertical gradient of aerosol
concentration. Furthermore, the aerosol composites from this study suggest that environments

with differing proportions of transient congestus, as has been shown for increased surface aerosol
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loadings in Sheffield et al. (2015), are likely to have differences in midlevel aerosol and water

vapor detrainment layers. This is an ongoing area of research by the authors, and the results

presented in this study will serve as a valuable control simulation to better understand how

congestus updrafts vary in differing thermodynamic and aerosol environments.

2.7 Tables

Table 2.1. RAMS model options used in simulation.

Model Aspect

Setting

Grid

Arakawa C grid

1000 x 1000 points, Ax = Ay = 100m

120 vertical levels, Az = 50 — 200 m

Time integration

48 hour simulation duration, At = 0.75s

Initialization

Horizontally homogenous thermodynamic
and wind profile, averaged from ERA-5 and
CAMP?Ex dropsonde

Random potential temperature perturbations
within the lowest 500m AGL of the domain,
with a maximum perturbation of 0.1K

Surface scheme

All-ocean surface with fixed sea surface
temperature (SST)

LEAF-3 (Walko et al., 2000)

Boundary conditions

Periodic in zonal and meridional directions

Microphysics scheme

Two-moment bulk microphysics (Meyers et
al. 1997)

8 hydrometeor classes (Saleeby and Cotton
2004)

Heterogenous ice nucleation (DeMott et al.
2010)

Radiation scheme

Two-stream, hydrometeor sensitive
(Harrington, 1997)

Updated every 5 minutes

Aerosol treatment

Ammonium sulfate aerosol, with single log-
normal mode
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Maximum concentration (CCN: 500 mg-!, IN:
0.01 mg™') at the surface and exponentially
decreasing with altitude

Aerosol-radiation interactions on

Aerosol sources and sinks on, with full
aerosol budget tracking (Saleeby and van den
Heever 2013)

2.8 Figures
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Figure 2.1. SkewT — logp diagram showing the sounding and wind profile (m s!) used to
initialize the numerical experiments. The black diagonal line indicates the freezing level. The
solid black curve is a parcel trajectory from the surface.
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Figure 2.2. Mean evolution of the trimodal convective cloud development over the course of the
simulation, showing (a) domain-mean cloud condensate (g kg!) and (b) mean precipitation rate
(mm hr') (blue) and maximum updraft velocity (m s™) (red). In (a), the 0°C level is indicated by
the dashed black horizontal line, and congestus height criteria (4-7km AGL) are indicated by the
solid gray horizontal lines. The simulation began at 0 UTC (8am LT). The first 7.5 hours of the

simulation are considered spin-up time and are not included in the figure or the analysis.
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Figure 2.4. Definition of the normalized radial coordinates and composite cross-sections. Top
row (a-c) show a plan view of a single updraft, where the yellow star is the updraft center, and
small black dots represent congestus updraft points as identified by the criteria described in text.
Dashed gray contours are the updraft edge (r*=0) and solid contours are one radius away (r*=1)

from the updraft edge. Horizontal wind barbs are also displayed. Bottom row (d-f) shows a

composite cross-section through all congestus updrafts as a function of altitude and normalized
distance from the updraft edge (r*=0), with key aspects of the overall flow annotated. The
vertical dashed black line is the updraft edge. The horizontal dashed gray line is the mean 0°C
level. Vertical and cross-edge wind barbs are displayed. Note that the color scales for total
condensate in panel (a) and (d) are different.
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Figure 2.5. The characteristics of the congestus in this study as shown by (a) a timeseries of the
number of identified congestus updrafts separated into terminal (red), developing transient (light
blue), and mature transient (dark blue) clouds. The colored regions show the relative
contributions of each category to the total number of congestus (black line). Histograms of (b)
congestus cloud top heights at each timestep and (c) full cloud top height distribution over entire
analysis period, with colors in (b) corresponding to the categories shown in (a). (d) A timeseries
of the total volume occupied by each type of updraft. The 0°C level is indicated by the dashed
gray horizontal line, and congestus height criteria (4-7km AGL) are indicated by the solid gray

horizontal lines.
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Figure 2.6. (a) Total area occupied (km?), (b) mean effective updraft radius (km), and (c) mean
cloud condensate (kg kg') for terminal (red), developing transient (light blue), and mature
transient (dark blue) congestus. Solid lines are the mean and the shaded areas are the 5" to 95
percent confidence intervals at each vertical level.
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Figure 2.7. Contoured frequency by altitude diagrams (CFADSs) of updraft velocity (m s™!) as a
function of altitude (km), for (a) terminal, (b) developing transient, and (c) mature transient
congestus. (d-e) show the difference in percent of the developing and mature transient congestus
relative to terminal congestus. Note that altitudes above 5.1km in (d-e) have been left blank
because there are no terminal congestus above that altitude, as defined in text. The horizontal
dashed gray line indicates the mean 0°C level, and the solid gray line indicates 2.7km AGL as
discussed in text.
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Figure 2.8. Profiles of vertical velocity and the terms primarily contributing to the updraft
acceleration for terminal (red), developing transient (light blue), and mature transient (dark blue)
congestus. Lines represent mean vertical profiles of (a) vertical velocity (m s!), (b) buoyancy
acceleration, (c¢) PPGF acceleration, (d) the sum of buoyancy and PPGF accelerations, (e)
horizontal entrainment acceleration, (f) turbulent vertical advective acceleration, (g) bulk vertical
advective acceleration, and (h) the sum of buoyancy, PPGF acceleration, turbulent, and vertical
advective acceleration (all in m s2), as a function of altitude (km). Shaded areas cover the 5%
through 95" confidence intervals at each level. The horizontal dashed line denotes the mean 0°C
level, while the horizontal solid lines correspond to levels where the first derivative of vertical
velocity changes sign.
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Figure 2.9. Difference profiles of developing transient and terminal congestus in terms of (a)
vertical velocity (m s), (b) buoyancy (m s?), and (c) individual buoyancy terms (m s2). Shaded
areas cover the 5% through 95" confidence intervals at each level. Horizontal solid gray line
indicates 2.7km AGL, as described in text.
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Figure 2.10. Composite congestus updraft cross-sections of (a-c) total condensate (kg kg™), (d-f)
vertical velocity (m s™), (g-i) cross-edge velocity (m s™), (j-1) latent heat due to vapor-liquid
transitions (K s), and (m-p) latent heat due to solid-liquid transitions (K s') as a function of the
normalized distance from core edge (r*) and altitude. The left column is a composite of terminal
congestus, the middle column is a composite of developing transient congestus, and the right
column is a composite of mature transient congestus. The wind barbs show mean vertical and
cross-edge flow relative to clear-sky conditions. The black vertical dashed line at r*=0 denotes
the mean edge of the updraft. Only coordinates with more than 50 samples are shown. Areas
above 5.1km AGL are left blank in the left and middle columns since terminal congestus and
developing transient congestus are defined to have cloud tops below the 0°C level (denoted by
the horizontal dashed gray line).
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Figure 2.11. As in Figure 2.10, but comparing the development of terminal and developing
transient congestus in terms of (a-c) relative humidity (%), (d-f) latent heat from vapor-liquid
transitions (K s), (g-1) cloud mixing ratio (kg kg™, and (j-1) equivalent potential temperature
(K). Only altitudes up to 5.1km AGL are shown since only terminal and developing transient
congestus are depicted. The horizontal solid gray line denotes an altitude of 2.7km AGL as
described in text.
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Figure 2.12. As in Figure 2.11, but for the acrosol budget terms described in the text (kg kg™'), as
well as the water vapor enhancements (kg kg'). Enhancements are taken relative to clear-sky
profiles at each timestep. The left column is a composite of terminal congestus, the middle
column is a composite of mature transient congestus, and the right column is the difference
between the middle and left columns. Areas above 5.1km in the difference plot are left blank
since terminal congestus are defined to have tops below 5.1km. The gray dashed line indicates

the mean 0°C level.
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Figure 2.13. Schematic representing a conceptual model of the differences in updraft and
downdraft circulations and the associated detrainment processes of terminal and transient

congestus.
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CHAPTER 3: AEROSOL BREEZES FROM MESOSCALE AEROSOL GRADIENTS

DRIVE PRECIPITATION INCREASES?

3.1 Introduction

Large-scale changes in aerosol concentrations have long been understood to be associated
with changes in the surface energy budget, cloudiness, and precipitation (Boucher et al. 2013;
Kiehl and Briegleb 1993; Kim et al. 2014; Ramanathan et al. 2005). Aerosol particles influence
the amount of energy reaching the surface directly via the extinction of incoming solar radiation
(McCormick and Ludwig 1967; Atwater 1970), as well as indirectly via microphysical
interactions with clouds (Twomey 1977; Tao et al. 2012). These changes subsequently impact
surface fluxes, atmospheric warming, and eventually precipitation, with potentially large climatic
and societal impacts (Boucher et al. 2013; Tao et al. 2012).

The spatial distribution of aerosol concentrations is also known to be important. On a
global scale, the gradient in the aerosol radiative effect between the northern and southern
hemispheres influences the location of the ITCZ and its associated precipitation maximum (Allen
et al. 2015; Haywood et al. 2013). On a regional scale, changes to monsoon circulations and
precipitation have similarly been attributed to gradients in aerosol emissions and their direct
effects in areas such as East ,South, and Southeast Asia (Herbert et al. 2021; Hodzic and Duvel
2018; Kim et al. 2016; Lau et al. 2008; Wang et al. 2009).

On smaller scales, variability in horizontal aerosol concentrations on the order of 40-

400km has frequently been observed in concert with major aerosol sources, sinks, and transport

2 This study, titled “‘ Aerosol Breezes’ from Mesoscale Aerosol Gradients Drive Precipitation
Increases” (Leung, G.R. and S.C. van den Heever, 2022, in preparation) is in preparation for
submission.
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pathways (Anderson et al. 2003; Chakraborty et al. 2021; Holben et al. 2018). For example,
horizontal aerosol gradients typically exist on the edges wildfire smoke plumes (Kelleher et al.
2018; Palm et al. 2021) or urban areas (Lin et al. 2021; Pierce et al. 2019). However, relatively
little work has been done linking those mesoscale aerosol gradients to cloud or precipitation
feedbacks.

Mesoscale variations in surface fluxes due to contrasts in surface properties (e.g. sea
breeze, forest breeze, slope flows) are known to drive thermal circulations that are important for
organizing and enhancing cloudiness and precipitation (Argiieso et al., 2016; Cronin et al., 2015;
Garcia-Carreras et al., 2011; Park et al. 2020). Furthermore, in the tropics where synoptic
pressure gradients are generally weak, mesoscale pressure gradients due to differential heating
play a strong role in defining wind patterns and convection (Nesbitt and Zipser 2003; Qian 2008;
Yang and Slingo 2001). Horizontally-uniform changes to aerosol concentrations are also known
to impact the strength of mesoscale circulations by influencing incoming solar radiation (Grant
& Heever, 2014; Park & van den Heever, 2022). It is thus conceivable that mesoscale horizontal
gradients in aerosol concentration over an otherwise uniform surface may drive thermal
circulations similar to sea breezes, thereby enhancing cloudiness and precipitation. We will refer
to such aerosol gradient-induced circulations as “aerosol breezes”.

Lee et al. (2014) confirmed that spatial gradients in absorbing aerosol concentration could
generate circulation patterns influencing cloud formation, both by reducing the amount of
radiation reaching the surface and by changing the static stability of the boundary layer. These
two effects act in opposite directions, with the net impact on the circulation depending on the
location and magnitude of the gradient. We expect aerosol particles which are primarily

scattering (e.g. sulfates) may similarly increase extinction, but would have relatively minor
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changes to the static stability of the atmosphere. Thus, the impacts of spatial gradients in
scattering aerosol concentration on convection may be even more pronounced.

In this paper, we study the impacts of mesoscale horizontal variability in sulfate aerosol
concentrations on the frequency, distribution and precipitation amounts of shallow convective
clouds. Our goal is to determine whether mesoscale gradients in sulfate aerosol can drive aerosol
breezes, and if so, what the subsequent impacts of aerosol breezes are on clouds and
precipitation. We also aim to assess the implications and potential biases introduced by failing to
resolve these mesoscale aerosol gradients in larger-scale regional and climate models. Given that
aerosol breezes are likely to become increasingly important as wildfire risk continues to increase
with changing climates (Diffenbaugh et al. 2021), and the spatial pattern of urban/industrial
emissions shift due to both increased emission controls and rapid urbanization in different parts
of the world (Collaud Coen et al. 2020), it is important that we understand and appropriately
forecast such effects.

3.2 Model description and configuration

We used the Regional Atmospheric Modeling System (RAMS, version 6.3.02) to run the
simulations in this study (Cotton et al. 2003; Saleeby and van den Heever 2013). RAMS is a
non-hydrostatic atmospheric model with a sophisticated two-moment bin-emulating bulk
microphysics scheme; full representation of aerosol sources, sinks, and advection; coupled
surface fluxes using the LEAF-3 submodel; and an interactive two-stream radiation scheme
including aerosol-radiative effects. Further details about the model set-up can be found in Table
3.1 and associated references.

Our model grid spanned 100x100km horizontally—similar in size to a single 1x1° GCM

grid box—at a horizontal spatial resolution of 100m. In the vertical direction, the model grid was
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20km tall, with spacing stretching between 50 and 300m to resolve the cumulus cloud field and
boundary layer processes. The simulation is highly idealized, but broadly intended to represent
summer monsoon conditions in the Maritime Continent. Initial conditions were based on the
mean ERA-5 profile over a 2x2° box over Luzon Island of the Philippines during September
2019 to coincide with the Cloud, Aerosol, and Monsoon Process Philippines Experiment
(CAMP?Ex) (Figure 3.1a-b).

The initial aerosol gradient followed a sine curve meridionally, such that aerosol
concentration was maximized in the center of the domain and fell off smoothly towards the
domain edges (Figure 3.1b). Aerosol concentrations were zonally uniform and decreased
exponentially in the vertical (Figure 3.1d). The model set-up therefore represents aerosol
gradients that might be observed surrounding a smoke plume, an urban region, or other
mesoscale aerosol sources. This run is referred to as the Gradient run. For comparison, we also
ran a Control simulation with an integrated aerosol mass and number equal to the Gradient run
but distributed homogenously in the horizontal (Figure 3.1¢). In both simulations, the aerosol
gradient was maintained via a source function identical to the initial aerosol concentrations in the
respective simulations over the first 1 km AGL, with the initial aerosol concentration replenished
on the timescale of a day. To test the sensitivity of the results to the magnitude of aerosol
concentrations, we performed an additional set (Gradient and Control runs) of simulations with
reduced aerosol concentrations (Figure 3.2). We primarily present results from the initial set of
simulations, but where relevant, we refer to these set of sensitivity tests as “reduced” runs (i.e.

Reduced-Gradient and Reduced-Control as opposed to the Gradient and Control runs).
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After initialization, the simulation was allowed to evolve without additional large-scale
forcing except the aerosol emissions. The diurnal cycle was not represented, and the sun was set
at a constant solar zenith equivalent to local solar noon.

To count and compare the number of updrafts in different regions of the domain, we used
the fobac (Tracking and Object-Based Analysis of Clouds, version 1.4) algorithm, which can
identify and track updrafts through time (Heikenfeld et al., 2019; Sokolowsky et al., 2022). The
updraft features are first identified in three-dimensions as relative maxima in vertical velocities
above multiple threshold values (1, 3, 5 m s™!). These updrafts are then linked in time by
matching features in previous timesteps based on the predicted updraft motion. We excluded any
features that had a lifetime of less than 5 minutes (i.e. the feature had to be identified in at least
two consecutive output files).

3.3 Induced aerosol breeze circulation and precipitation response

Within 4 hours from initialization, a distinct circulation forms between the low- and high-
aerosol regions of the domain. Figure 3.2 depicts the mean cloud condensate, downwelling
shortwave radiation, and wind fields, temporally and zonally averaged as a function of altitude
and distance from the maximum aerosol concentration (i.e. averaged by the distance from the
center of the domain as denoted by the black line in Figure 3.1b).

Aerosol optical depth (Figure 3.2c¢) is highest in the center of the domain, in line with the
prescribed aerosol gradient. As a result of the increased light extinction, the downwelling
shortwave at the surface is ~30 W m? lower at the center than at the edges of the domain where
aerosol concentrations are lowest (Figure 3.2b). This leads to uneven heating of the land surface
and a gradient in surface heat fluxes that is opposite in direction to the gradient in aerosol

concentration (Figure 3.2d). This drives a pressure gradient and net wind flow directed from the
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high- to low-aerosol region at altitudes between the surface and the top of the surface-based
mixed layer/cloud base (Figure 3.2a,b). Above those altitudes, there is a compensating return
flow aloft up to ~2km. Although there is still a difference in the downwelling shortwave flux
above those altitudes (Figure 3.2b), the height of the return flow is limited by the increase in
static stability (Figure 3.1a) at the tropical trade wind inversion (~2km AGL). Low-level
convergence favors rising motion over the low-aerosol region, and subsiding motion over the
high-aerosol region (Figure 3.2a).The acrosol-induced circulation that develops is thus an
aerosol breeze, and is similar to other thermally-driven mesoscale circulations such as sea
breezes, both in terms of its driving mechanism and general structure (Antonelli and Rotunno
2007; Garcia-Carreras et al. 2011).

This aerosol-induced circulation leads to the preferential development of clouds and
precipitation over the low-aerosol region of the aerosol gradient. Figure 3.3 depicts the number
of raining clouds (Figure 3.3b) and accumulated precipitation (Figure 3.3¢) averaged spatially
as in Figure 3.2, and demonstrates this uneven distribution of convection and precipitation.
Clouds forming over the low-aerosol region have greater coverage, higher cloud tops (Figure
3.2), and are more likely to produce rain (Figure 3.3¢) compared to clouds over the high-aerosol
region of the gradient. Almost none of the rain falls over the high-aerosol region, instead being
concentrated over the low-aerosol region.

Relative to the Control, the additional low-level convergence driven by the aerosol
gradient increases the number of precipitating clouds (Figure 3.3b) and the total amount of
accumulated precipitation (Figure 3.3¢) produced within the domain. The onset of rain also
occurs an hour sooner in the presence of a strong aerosol gradient relative to Control (Figure

3.4), with the difference in domain-wide accumulated precipitation between the two simulations
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being ~25% after 12 hours (Figure 3.4b). This demonstrates that the aerosol breeze is further
analogous to other mesoscale flows driven by surface heterogeneities in its capacity not only to
redistribute convection throughout the domain, but also to actually increase it.

Studies examining the interactions between aerosols and clouds often do not realistically
represent the spatial heterogeneity in aerosol gradients. Thus, their estimated aerosol-cloud-
precipitation interactions may not accurately reflect the magnitude of such effects in regions of
strong aerosol gradients. Furthermore, this result suggests that unrepresented aerosol
heterogeneities across typical climate and regional model grid cells may lead to biases in rain
timing, distribution, and even total amount.

3.4 Sensitivity to aerosol loading

We additionally tested the sensitivity of the idealized aerosol breeze circulation to the
magnitude of the aerosol loading by conducting a set of Reduced simulations with half the
aerosol loading as in the initial simulations. A qualitatively similar circulation develops under the
Reduced-Gradient simulations (not shown), though the magnitude of the gradient in surface
fluxes is reduced in proportion to the reductions in the AOD contrast between low- and high-
aerosol portions of the domain (Figure 3.2¢,d). However, the increase in convection associated
with the aerosol breeze is sensitive to the magnitude of the aerosol gradient. Although an aerosol
breeze does develop and subsequently increases clouds and precipitation in the low-aerosol
region (Figure 3.3a-c) of the Reduced-Gradient simulation, a much smaller change in the total
amount of precipitation is produced relative to the Reduced-Control simulation (Figure 3.4a,b).
This suggests the net impact of the aerosol gradient on accumulated precipitation results from the

competition between direct (i.e. reduction in radiation over high-aerosol regions) (Kim et al.
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2014; McCormick and Ludwig 1967; Atwater 1970) and indirect (i.e. microphysical invigoration
of warm clouds over high-aerosol regions) (Twomey 1977; Tao et al. 2012) effects.
3.5 Observational case studies

Although we tested the concept of an aerosol breeze in an idealized modeling scenario, we
expect similar aerosol gradients and associated circulations and cloud processes in regions of
actual localized aerosol emissions such as wildfires, urban areas, industrial zones, and volcanic
plumes. Two examples of such cases are demonstrated in Figure 3.5.

The first case shown in Figure 3.5a,b involves a likely aerosol breeze over Kentucky and
central Tennessee, USA on 3 July, 2021 associated with wildfire smoke advecting into the
region. The wildfire smoke formed a strong aerosol gradient between the regions labelled “high-
aerosol” and “low-aerosol”. AODs ranged between <0.01 in the low-aerosol region to ~0.5 in the
high-aerosol region over an area of a few hundred kilometers. Throughout the day, shallow
cumulus clouds developed in the low-aerosol region.

The second case is presented in Figure 3.5¢, and shows an image captured from the
International Space Station over southwestern Australia on 12 January 2020. A smoke plume
from an active fire is located in the center of the image, with smoke being advected to the
east/southeast over a distance on the order of a 100km. Along the northeast corner of the image,
a field of shallow clouds developed only in the clear-air or low aerosol region along the edges of
the smoke plume.

These two observational cases are certainly more complex than the idealized modeling
case we presented earlier. The smoke in Figure 3.5a,b was transported far enough away from the
fire source that it produces an aerosol gradient along a straight line similar to our idealized

simulation. However, we would expect aerosol plumes to be more conical closer to a point
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source, as in Figure 3.5¢; this would lead to aerosol gradients both parallel and perpendicular to
the direction of plume advection, which might impact the aerosol breeze circulation. That being
said, both observational cases are remarkably similar in spatial scale, aerosol gradient set-up, and
cloud formation to the idealized modeling case we presented in Section 2.3. These cases thus
lend credibility to the notion that the impact of localized aerosol emissions on mesoscale
phenomena as a result of the direct aerosol effect is important and should be considered.

3.6 Discussion and conclusions

To examine the capacity of horizontal aerosol gradients to drive mesoscale circulations and
convection, we conducted a set of high-resolution RAMS simulations. We found that a
horizontal gradient in scattering aerosol concentrations produced an “aerosol breeze”, similar to
other mesoscale phenomena driven by gradients in surface fluxes, such as sea breezes or urban
flows.

The aerosol breeze in our idealized simulations resulted in shifts in the spatial distribution
of clouds and precipitation. Relative to a Control simulation without an aerosol gradient, but
with the same integrated aerosol mass and number, the Gradient simulation produced more
clouds, initiated precipitation sooner, and generated more rainfall. We show that mesoscale
aerosol gradients similar to those presented here, which might be expected around thick wildfire
plumes, can be important controls on the number of shallow convective clouds (i.e. cumulus,
congestus) and the precipitation they produce. Even reduced gradients in aerosol loading can be
crucial for the distribution and timing of clouds and precipitation.

These results demonstrate that even in the absence of other mesoscale heterogeneities in
surface properties, a sufficiently strong gradient in aerosol concentrations alone can drive an

aerosol breeze that impacts the mesoscale circulation and cloud properties. Additionally, these
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results suggest that failing to represent the radiative impacts and resulting circulations induced
by mesoscale (and hence sub-grid scale) horizontal aerosol gradients on the order of the size of a
single GCM grid cell, may lead to significant biases in the predicted timing and amounts of
cloudiness and precipitation within GCM and regional models. Impacts from unrepresented
aerosol gradients may also confound the estimation of aerosol-cloud-precipitation feedbacks in
other higher-resolution studies which do not appropriately represent the spatial heterogeneity of
aerosol emissions. Finally, we showed two observational cases associated with the advection of
thick wildfire smoke that appear to support the aerosol breeze phenomenon identified in our
idealized modeling simulations.

The results presented here serve as an upper bounding case to demonstrate the primary
physical processes involved in producing the aerosol breeze. Our findings emphasize the need
for greater consideration of aerosol breezes in future work, particularly in investigating the
sensitivity of aerosol breezes to meteorology, aerosol type, land surface, varied spatial
distributions, and interactions with other circulations (such as sea breezes or buoyant firestorm
plumes). Such research is particularly essential given projected changes globally to the spatial
distribution of aerosol emissions in urban and industrial areas, as well as in wildfires, with
changing climates.

3.7 Tables

Table 3.1. RAMS model options used in simulation.
Model Aspect Setting

Grid Arakawa C grid

1000 x 1000 points, Ax = Ay = 100m

120 vertical levels, Az = 50 — 300 m
Time integration 12 hour simulation duration, At = 1s

Output analysis files every 5 minutes
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Initialization

Horizontally homogenous thermodynamic
profile, averaged from ERA-5 as described in
text

No initial background winds

Random potential temperature perturbations
within the lowest 500m AGL of the domain,
with a maximum perturbation of 0.1K

Surface scheme

Uniform surface of evergreen broadleaf tree
and silty clay loam soil

LEAF-3 (Walko et al. 2000)

Boundary conditions

Periodic in zonal and meridional directions

Microphysics scheme

Two-moment bulk microphysics (Meyers et
al. 1997)

8 hydrometeor classes (Saleeby and Cotton
2004)

Radiation scheme

Two-stream, hydrometeor sensitive
(Harrington 1997)

Updated every 1 minute

Aerosol treatment

Ammonium sulfate aerosol, with single log-
normal mode (Saleeby and van den Heever
2013)

Varying concentration in the horizontal as
depicted in Figure 3.1c¢

Maximum concentration at the surface and
exponentially decreasing with altitude

Aerosol-radiation interactions on

Aerosol sources and sinks on, with full
aerosol budget tracking (Saleeby & van den
Heever, 2013)
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3.8 Figures
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Figure 3.1. Model set-up details. (a) Skew7 — logp diagram showing the sounding used to
initialize the numerical simulation. The black line is a parcel trajectory from the surface. Plan
view of the surface aerosol mass concentration are shown for the (b) Gradient run and (¢)
Control run. The black horizontal line in (b) and (¢) indicates the center of the domain and
aerosol gradient (peak aerosol loading), as described in text. (d) Vertical profile of aerosol mass

concentration for the Control run (red line), and high- (blue solid line) and low-aerosol (blue
dashed line) regions of the Gradient run.
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Figure 3.2. Mean cross section through the Gradient domain over all 12 hours of the simulation,
averaged temporally and zonally. The abscissa is given as a function of distance from the domain
center/maximum aerosol concentration (horizontal black line in Figure 3.1b,c), such that the
high-aerosol region is on the left and the low-aerosol region is on the right of these panels.
Shading in (a) shows cloud condensate mixing ratios (g kg™'), and in (b) the downwelling
shortwave flux (W m). The wind barbs in (a) and (b) show the mean vertical and horizontal
winds perpendicular to the black line in Figure 3.1b,c. The aerosol optical depth at the surface is
represented in (c), while (d) depicts the sensible surface heat flux in red (left y-axis; W m?) and
latent surface heat flux in blue (right y-axis; W m2), all averaged temporally and zonally. The
dashed lines in (c,d) show the same quantities for the Reduced-Gradient simulation.
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Figure 3.3. Comparison of Gradient (red) and Control (blue) simulations in terms of (a) mean
surface aerosol mass concentration (g kg™'), (b) number of clouds with mean precipitation rates
of at least 0.1 mm hr'!, and (¢) mean accumulated precipitation per grid cell (mm). The dashed
lines in both panels show the same quantities for the Reduced-Gradient and Reduced-Control
simulations.
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Figure 3.4. Timeseries comparisons of the Gradient (red) and Control (blue) simulations in terms
of (a) cumulative number of raining clouds (mean rain rate of at least 0.1 mm hr"), and (b) total
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Hours Elapsed

both panels show the same quantities for the Reduced-Gradient and Reduced-Control

simulations.

59



Case 1: Central USA, 2021-07-03 10:30 LT
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Figure 3.5. Two observational examples of a strong aerosol gradient with associated shallow
cumulus formation. The top row (a,b) shows smoke advection over Kentucky and central
Tennessee, USA on 3 July 2021. (a) Visible channel and (b) aerosol optical depth (3km
resolution) from TERRA. Note that black regions in (b) are areas where no AOD was retrieved
due to cloud cover. The bottom row (c) shows smoke advection over southwestern Australia on
12 January 2020. The image was captured from the International Space Station (image ID:
ISS061-E-123446, accessed from eol.jsc.nasa.gov courtesy of the Earth Science and Remote
Sensing Unit, NASA Johnson Space Center). Regions of high- and low-aerosol, as well as
shallow cloud cover are annotated.
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CHAPTER 4: CONCLUSIONS

4.1 Summary and implications of key findings

Given that shallow clouds are ubiquitous and very crucial for the climate system, there has
already been much research devoted to improving our understanding of them. That being said,
there are also many remaining aspects of their development which remain understudied. Thus,
the overarching goal of this thesis was to investigate the mechanisms driving differences in
shallow convective cloud development and their interactions with the aerosol environment. We
were able to address this goal by conducting idealized high-resolution LES and utilizing newly-
developed tracking and compositing techniques.

In Chapter 2, we explored the factors controlling the development of congestus clouds
relative to the 0°C stable layer, and the implications of that development on the transport of
aerosols and water vapor into the midlevels. We identified, tracked, and composited over a
thousand tropical congestus updrafts and their near-environments, and drew the following
conclusions:

1. Terminal congestus (i.e. those which are vertically capped by the 0°C stable layer) and
transient congestus (i.e. those which can develop vertically above the 0°C stable layer)
have similar structures: both consist of an overturning circulation between a core
updraft and a relatively weak subsiding shell. However, terminal congestus downdrafts
are more vertically homogenous and extend all the way to cloud base. Transient
congestus updrafts, on the other hand, have stronger maxima above the 0°C level, and
their overturning circulations are broken into distinct branches separated by the 0°C

and trade wind stable layers.
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2. Buoyancy between the 0°C and trade wind stable layers is the primary factor
differentiating terminal and transient congestus. The differences in buoyancy are driven
by transient congestus being surrounded by more humid mid-level environments,
which better protects them from evaporation and maintains stronger updrafts near and
at the 0°C level.

3. Terminal congestus tend to detrain more aerosol back into the environment along the
edges of the updraft as a result of increased evaporation. On the other hand, transient
congestus have a stronger impact on their environments beyond the subsiding shell,
since they detrain aerosols and water vapor above the 0°C level which are vertically
trapped by the stable layer and radially transported to form mid-level aerosol layers.

While terminal and transient congestus have similar structures, these results demonstrate our
understanding of the environments that might be more favorable to congestus development.
Furthermore, they show that the ratio of terminal to transient congestus within an environment
has implications for the location and development of mid-level aerosol layers. The aerosol
particles detrained from congestus represent a proportionally large increase in mid-level aerosol,
relative to background conditions. Thus, the mechanisms we described demonstrate one potential
pathway (in addition to other pathways such as new particle formation in the free troposphere)
for aerosol particles to be transported to the mid-troposphere for interactions with deeper cloud
systems or mid-level clouds such as altocumulus.

In Chapter 3, we examined the impacts of mesoscale horizontal gradients in aerosol

concentrations—as might be expected around wildfire plumes or at the edges of urban areas—on
the development and distribution of shallow convective clouds. We present an observational

example of such a case, and we use an idealized LES to show that:
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1.

A mesoscale gradient in aerosol concentrations spanning 100km horizontally can drive
“aerosol breeze” circulations due to the difference in incoming radiation across the
gradient. These circulations are similar to other mesoscale phenomena driven by
surface flux heterogeneities, like sea breezes.

Strong horizontal gradients in aerosol emissions cause sooner and more intense
precipitation than the same amount of integrated aerosol mass uniformly distributed in
the horizontal. Although the same circulation develops under reduced aerosol loadings,
the net changes in precipitation are dependent on the competition between direct
radiative feedbacks responsible for shutting down the initiation of shallow convection
and the indirect effect of warm-phase invigoration, both of which are ultimately
dependent on the magnitude of aerosol loading.

Unrepresented sub-grid scale heterogeneity in horizontal aerosol distributions may lead

to biases in the distribution, timing, and amounts of simulated clouds and precipitation.

Although it is fairly well understood that the horizontal distribution of aerosols is important on a
mean global and regional scale, the results of this study underscore their importance in driving
mesoscale circulations. Aerosol breezes are likely to play an important role in distributions of
convection and precipitation around areas of highly-localized emissions. As urban and industrial
emission patterns shift and the risk of large wildfires increases, it becomes even more critical to
characterize these circulations.
4.2 Future work

The findings presented in this thesis have contributed to fundamental descriptions of the
controls on shallow cloud development and their interactions with the aerosol environment. By

breaking down more complicated observed phenomena, such as mid-level aerosol detrainment
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layers and strong gradients in aerosol concentration, into simple but testable idealized modelling
experiments, we have been able to describe some of the primary driving mechanisms behind
these convective processes. At the same time though, many new questions have been raised by
this research.

Firstly, while the simulations we conducted for both Chapter 2 and 3 are fairly idealized
and therefore have general applicability, they are both based on observations made during the
CAMP?Ex field campaign. It would thus be interesting to examine how these findings are
influenced by a variety of other thermodynamic environments in present and future climate
scenarios and/or land surface types. In Chapter 2, we showed that there was a clear relationship
between the environment (specifically the midlevel moisture) and how much congestus were
able to develop; further testing over a broader range of environments will help to identify the
sensitivities of this relationship to other parameters. In Chapter 3, we found that the depth
aerosol breeze circulation was related to the height of the trade wind inversion—other similar
mesoscale circulations such as sea breezes have been shown to have strong dependence on
environmental factors such as inversion layer strength, boundary layer height, and initial wind
speed (Grant and van den Heever 2014; Igel et al. 2018; Park et al. 2020), and similar analyses
might be pursued for the aerosol breeze.

Secondly, we have described the two-way interactions between shallow convection and
the aerosol environment, but many of these interactions may have some dependence on aerosol
loading and type. We showed in Chapter 2 that the strength of mid-level detrainment layers is
related to the proportion of terminal to transient congestus. Previous studies have demonstrated
that increased aerosol loadings lead to warm-phase invigoration and a greater proportion of

congestus developing above the freezing level (Li et al. 2013b; Sheffield et al. 2015). It would be
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valuable to have a better grasp on how increased aerosol loadings might feedback into the
transport of aerosol particles into the mid-troposphere, as well as how those feedbacks may vary
as a function of aerosol type, which determines the size, hygroscopicity, and radiative properties
(i.e. the degree to which they are scattering versus absorbing) of the aerosol particles (Jiang et al.
2018). The use of the tobac tracking algorithm in Chapter 2, alongside composites of the near-
updraft environment, could be utilized to examine how changes to the aerosol environment
impact both terminal and transient congestus.

The analysis framework used in Chapter 2 involving the conditionally-averaged vertical
momentum budget also has wider applicability for improving our understanding of uncertainties
in model representation of aerosol-cloud interactions. Similar work has been done in Marinescu
et al. (2021) to compare how aerosol-deep convective cloud interactions are represented in a
variety of models, and would be useful for similar analysis on shallow convective clouds.

We also showed in Chapter 3 that the magnitude and net sign of the precipitation response
to aerosol gradients is somewhat sensitive to the aerosol loading. Further analysis into how the
magnitude of the direct versus indirect response vary as a function of aerosol loading would help
to more precisely identify the ranges of aerosol loading where aerosol breezes may increase
precipitation amounts. In addition to this, we expect that other more absorbing aerosols such as
black/brown carbon or dust might have different radiative effects and thus a different impact on
mesoscale circulations as suggested in Lee et al. (2014).

Finally, comparison to larger-scale, more realistic simulations (Freeman et al., 2022), as
well as observations from both satellite and field campaign measurements, would help to assess
the generalizability of the processes represented in these idealized simulations. The CloudSat

radar has previously been used to identify proportions of terminal to transient congestus (Luo et
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al. 2009). This could be extended for a variety of environments, given that the proportion of
congestus that develop past the 0°C stable layer depends on mid-level moisture, as our results in
Chapter 2 show. Combining this with other instruments, such as the CALIPSO lidar, to provide
vertically-resolved aerosol information might be useful in assessing the real-world impacts of
congestus of differing heights on detrained aerosol layers.

The aerosol breeze simulations presented in Chapter 3 are an upper bounding case with
relatively high aerosol loading in order to demonstrate the physical processes that lead to the
formation of an aerosol breeze. Further simulations with more detailed representations of aerosol
gradients (e.g. conical or radial distributions more similar to a plume close to a fire or other point
source), simulations incorporating varied present and future meteorology, and simulations
including interactions with other mesoscale circulations driven by terrain flows, sea breezes, or
land surface heterogeneities would be highly useful to quantify the impacts of the aerosol breeze
under a variety of real-world conditions.

More observational examples of the aerosol breeze described in Chapter 3 would also be
enlightening. Given advances in high-resolution satellite retrievals of aerosol optical depth (Wei
etal. 2018; Lin et al. 2021; Wang et al. 2021), field campaign observations in regions of strong
aerosol gradients (such as CAMP?Ex or FIREX-AQ, among many others), and detection of
aerosol gradients during transport from reanalysis products (Chakraborty et al. 2021), it seems
feasible that aerosol breezes and associated shallow convection could be better characterized in
the wide variety of environments found globally. In this way, the physical processes described

and highlighted in this work could be further applied to observations.
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APPENDIX: DERIVATION OF THE COMPRESSIBLE VERTICAL MOMENTUM
BUDGET FOR A CLOUD ENSEMBLE
First, the continuity equation can be written in flux form as:

adp = R
E+ V-(pv) =0 (D

where p is the density and ¥ is the full velocity vector.

Given this, we can define some area of interest ¢ (e.g. congestus updrafts) denoted by an

activation function I(x, y, z, t) that is equal to 1 for the region of interest and 0 otherwise. The

conditional mean of some field 1 taken only over the area of interest is: []¢ = Aic [ cpdA =

Ai [ domain WIdA , where A, is the area of interest. By Leibniz’s Rule, conditional averages of
c

Cc
derivatives include an extra term as described in Siebesma et al. (1998): [Z—f] = Ai [ ¢ Z—f dA =

1 9yl

o, We ignore the boundary terms in Leibniz’s Rule by defining the conditional area as

updrafts such that y is constant along the boundaries.

We can then take the conditional average of equation (1) to be:

104001° o i 104 ow]°
A OErp] = —[Vy - (pT)] —A—% 2)

Cc

. inlpdA ..
For convenience, we define p, = ““’m%p to be the conditional average of p , and w, =

c

mlpwd ¢ . : .. . .
[ domainlpwda _ [pw] to be the density-weighted conditional average of the vertical velocity w.
| domainlpdA Pc

Substituting this and using Green’s theorem to simplify the divergence term into a closed integral

over the conditionally-selected area ¢ makes equation (2) equivalent to:
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Similarly, the momentum equation can be written as:

DW_6W+_)V _ 16p’+B
pt ot UWT p 0z

where p' is the perturbation from base state pressure and B is buoyancy.
Combining equation (4) times p with equation (1) times w gives:

pOp

T-I_ V- (pWU) = —;E-I-pB
This can be conditionally sampled as above
C
1 aAC[pW]C 1 — 1 aAc[pWZ]C ap'
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Where the term w = w, + w' can be decomposed such that w' is the perturbation from the

ensemble value of w,. Thus, we obtain:

¢ — f domain IpWZdA — f domain Ip(Wc + W,)ZdA
A A

[pw?]

_ J domain IprZdA+ [ domain Ipw'*dA
A, A,

2 f domain IpdA+ f domain I,DW’ZdA

=g e s pad o

Substituting this into equation (6) gives:

w. 0A.p, N ow,
A, Ot ST

(3)

4)

)

(7)

/ 1€
1 aAcchcz 1 aAc[apW 2]¢ _ lai + [pB]¢
z 0z

1
= —— ¢ vy ApwdC — — - —
Acﬂg”” PWaEE T T 4z A,
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w, 0A.p, N ow,
A, Ot T

= ——va npwdC— —-p - —

w2dA,p,  Ow? 1 94 [pw’]
A, 0z ¢ 0z A, I

+ [pB]¢ (8)

The continuity equation in (3) can be substituted into the left-hand side:

w, 0A4.p.w, ow
G R e R

w2 0A.p, ow}? 1 6AC[pW'2]C lap

== dc — =< - =
f’gvH Rpw A, 0z ~ Py, A,

+ [pB]°
1 W, 0p W A, WCZ 0A.p,. ow?
i — dc + L ¢ ¢ —
Pe ot f”” Aplw —wodC + = =~ = "az Pe oz
C
_ 1 op
Ac aZ
1 wZopA. WEOAp.  pc OWE

= ngH ap(w —w,)dC +
A

1 aAC[pW’Z]C ap
IR ‘b;

AC 0z A, 0z 2 0z

ow pPe OW? 10
pe e = — T pw — wc - BT e [ I (9)
Finally, we define a density-weighted buoyancy B , = [ domainlpBdA _ [pB]° Dividing equation

J domainlpdA Pc

(9) by p. gives the following equation for the conditionally-sampled vertical momentum budget:
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ow,
Jt

3 N——r
time tendency

B, + -

—
(1) buoyancy

1 lap’
lplc| 0z ],

~—_————
(2) perturbation pressure gradient

+ ! jg vy - 7( )pdC + Low”
I 2 0z
(3) momentum entrainment (4) vertical advection
1 dAlp(w —w)],.>

Aclplc 0z

(5) turbulent vertical flux
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