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Controls on the Development and Circulation of Terminal versus Transient Congestus
Clouds and Implications for Midlevel Aerosol Transport
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ABSTRACT: Cumulus congestus is the middle mode of tropical convection, with cloud tops around or exceeding the 0°C
level (~5 km 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 convective transport of water vapor and aerosols into
the midtroposphere and the congestus to deep convection transition, there is still much to be understood about the pro-
cesses causing congestus to overshoot the 0°C level and continue growing. We simulate a field of tropical congestus using
high-resolution idealized model simulations, identify and track the updrafts, and composite congestus properties. 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 the downward branch of their corresponding circulations
are constrained by the 0°C level. The balance between buoyancy and perturbation pressure gradient accelerations predom-
inantly determines the shape of the vertical velocity profile, though vertical advection through bulk and subplume fluctua-
tions are also shown to be important near and above the 0°C level. Our findings support previous results suggesting
buoyancy as a control on congestus height. We find that congestus developing in more humid midlevel environments are
more likely to be transient. Finally, we explore how congestus updrafts influence their near moisture and aerosol environ-
ments: terminal congestus return more aerosol to the atmosphere through evaporation along their 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.
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1. Introduction both convective detrainment and the shallow to deep convec-
tion transition. In Johnson et al. (1999), congestus are identi-
fied 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
(~4-6 km AGL). Terminal congestus typically detrain around
that stable layer, which is formed from the melting of hydro-
meteors from dissipating anvil clouds and other mixed-phase
clouds (Johnson et al. 1999) and sustained by clear-air subsi-
dence and radiative cooling (Posselt et al. 2008). On the other
hand, transient congestus penetrate this stable layer and con-
tinue developing aloft. These transient congestus may later
become deep convective clouds if the additional latent heat

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
(~2 km AGL), the 0°C stable layer (~5 km 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 con-
vection (Mapes et al. 2006; Waite and Khouider 2010), its ca-
pacity 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). Fur- released in the mixed-phase regions above the 0°C level suffi-
’ ciently increases the updraft buoyancy (Johnson et al. 1999;

Li et al. 2013; Sheffield et al. 2015; Mecikalski et al. 2016).
The development of congestus above the 0°C level, and subse-

thermore, because their updrafts are somewhat weaker than
deep convective clouds, congestus are also more susceptible to
aerosol forcing than faster and deeper updrafts (Li et al. 2013;
Sheffield et al. 2015). Understanding the factors that govern ~duent latent heat release in mixed-phase regions, has implica-
congestus development and their potential transition into deep ~ tions for the flux of energy and moisture into the midlevels
convection is therefore important for improving scientific under- and beyond, since ice processes are crucial to the mechanisms
standing and model representation of tropical convection. by which tropical convection drives large-scale circulations
Within the congestus mode it is important to distinguish be- ~ Such as the Hadley cell (Riehl and Malkus 1958; Zipser 2003;
tween what are referred to as terminal and transient conges-  Fierro et al. 2009; McGee and van den Heever 2014). The
tus (Luo et al. 2009) in order to enhance our understanding of ~ Proportion of congestus clouds that are transient may also im-
pact the vertical transport of boundary layer air, water vapor,

energy, and aerosols, into the mid- and upper levels of the tro-

posphere (Dawe and Austin 2011; Reid et al. 2019), from
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colostate.edu including new cloud formation.
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Traditionally, the differences in development between ter-
minal and transient congestus have been attributed to buoy-
ancy, 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 poten-
tial energy (CAPE) to begin with; are limited by the entrain-
ment of dry air above the boundary layer, which leads to
evaporation of droplets and a subsequent reduction in buoy-
ancy; or are unable to regain positive buoyancy upon encoun-
tering 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 budg-
ets would therefore be valuable, especially for potential applica-
tions to cumulus parameterizations. The physical mechanisms
that govern whether a congestus cloud becomes transient or re-
mains terminal—in particular, whether this can be determined
by buoyancy alone—are still not yet well understood. Determin-
ing 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 conges-
tus 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 conges-
tus is left for a future study.

In this work, we attempt to better characterize the dyna-
mical and microphysical processes governing congestus devel-
opment. 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
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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. Dif-
ferences between transient and terminal composites are ex-
plored 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. 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 nonhydrostatic 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 homogeneous freezing (Saleeby and Cotton 2008; Saleeby
and van den Heever 2013). Heterogeneous 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) regen-
erated 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 evapora-
tion 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 sur-
face via wet deposition is also tracked. Aerosol particles
can be advected around the domain and a negligible pro-
portion 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).
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b. Model configuration and initialization

The idealized simulations were run over a fully oceanic do-
main with a fixed sea surface temperature and doubly periodic
lateral boundaries. The domain was 100 km X 100 km in the
horizontal with a grid spacing of 100 m. The vertical grid con-
sisted of 120 levels spanning ~15 km, with grid spacing
stretching from 50 to 200 m. There are 18 model levels be-
tween the surface and 1 km, and 63 model levels between the
surface and the 0°C level (~5.1 km). The simulation was run
for 48 h from 0000 UTC (0800 local time), with a time step of
0.75 s and output files produced every 5 min. This high spatio-
temporal resolution allows the model to resolve large turbu-
lent eddies and capture the detailed horizontal and vertical
structure of congestus updrafts, subsiding shells, and detrain-
ment 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 homogeneous and
based on a dropsonde from the Cloud, Aerosol, and Monsoon
Processes Philippines Experiment (CAMP?Ex) (Reid et al.
2022, manuscript submitted to Bull. Amer. Meteor. Soc.). This
dropsonde was selected because it sampled the tropical mari-
time environment near several congestus clouds, and because
it allowed a congestus field to develop for several hours be-
fore transitioning toward deeper convective modes. The drop-
sonde was taken at approximately 0300 UTC, close to the
initialization time of the model. The dropsonde profile was
vertically smoothed by taking the mean value every 150 m to
reduce sudden discontinuities in the data while maintaining the
observed stable layers. To represent atmospheric information
above the dropsonde launch altitude, ERAS data from the
same time period were averaged over a 1° X 1° box containing
the congestus field (8°-9°N, 119°-120°E). A weighted average
of the dropsonde and ERAS5 profiles was taken
between 5 and 6 km AGL, such that the resulting profile tapered
off linearly between the dropsonde profile at 5 km AGL to
the ERAS profile at 6 km AGL. The resulting smoothed
sounding, representing conditions favorable to the development
of congestus over the ocean in the Maritime Continent (Reid
et al. 2022, manuscript submitted to Bull. Amer. Meteor.
Soc.), is shown in Fig. 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, manuscript submitted to Bull. Amer. Meteor. Soc.).
It should be noted that there is vertical wind shear between
550 and 450 hPa, which has been found to promote the for-
mation of congestus over deep convection (Tian et al.
2021). Random thermal perturbations with a maximum am-
plitude of 0.1 K were introduced within 500 m AGL of the
lowest model level above the surface to initiate convection.

Sulfate aerosol particles were initialized horizontally homoge-
neously and decrease exponentially with height starting from a
maximum surface number concentration of 500 mg ™. Ice nuclei
were initialized with the same distribution but starting from a
maximum number concentration of 0.01 mg~'. The size distribu-
tion of sulfate aerosol particles was represented as a lognormal
with a median radius of 0.09 microns and a geometric standard
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FIG. 1. Skew T-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.

deviation of 1.8, both of which are representative of the aerosol
distributions measured in CAMP?Ex (Reid et al. 2022, manu-
script submitted to Bull. Amer. Meteor. Soc.). 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 min (Harrington
1997). The longitudinal variation of shortwave radiation is also
represented (Saleeby and van den Heever 2013). Further details
about the model setup are summarized in Table 1.

c. Congestus identification

Convection develops in the simulation ~5 h after initializa-
tion. Congestus clouds develop 2.5 h after the onset of shallow
cumulus (shown by the contours in Fig. 2a that reach above
4 km AGL and a coincident increase in updraft velocities in
Fig. 2b). The first 7.5 h of the simulation before congestus
clouds develop are treated as model spinup time and excluded
from the analysis. Figure 3 shows a sample of the simulated
cloud field at one time step. Although deep convection is lim-
ited 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 in-
vestigate 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 ms™").
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TABLE 1. RAMS model options used in simulation.

Model aspect

Setting

Grid Arakawa C grid

1000 X 1000 points, Ax = Ay = 100 m
120 vertical levels, Az = 50-200 m
Time integration 48-h simulation duration, Az = 0.75 s

Initialization

Horizontally homogeneous thermodynamic and wind profile, averaged from ERA5 and CAMP?Ex dropsonde

Random potential temperature perturbations within the lowest 500 m AGL of the domain, with

a maximum perturbation of 0.1 K

Surface scheme
LEAF-3 (Walko et al. 2000)

Boundary conditions
Microphysics scheme

Periodic in zonal and meridional directions
Two-moment bulk microphysics (Meyers et al. 1997)

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

Eight hydrometeor classes (Saleeby and Cotton 2004)
Heterogeneous ice nucleation (DeMott et al. 2010)

Radiation scheme
Updated every 5 min
Aerosol treatment

Two-stream, hydrometeor sensitive (Harrington 1997)

Ammonium sulfate aerosol, with single lognormal mode

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)

Individual congestus updrafts are identified using Tracking
and Object-Based Analysis of Clouds (fobac), a recently de-
veloped tracking algorithm that allows for the offline identifica-
tion of updraft features and associated condensate volumes
(Heikenfeld et al. 2019). First, two-dimensional updraft
“features” are identified at each analysis time step (A¢ = 5 min)
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 time step, 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
centroid is assigned to each feature. Second, contiguous
regions of cloudy grid cells are identified and, if possible, asso-
ciated with a given updraft feature using a watershedding
technique. A check is done to ensure that the updraft maxi-
mum 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. Third, identified updraft features are linked in time
by matching up features in previous time steps with nearby
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FIG. 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 h™?') (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 (4-7 km AGL) are indicated by
the solid gray horizontal lines. The simulation began at 0000 UTC (0800 LT). The first 7.5 h of the
simulation are considered spin-up time and are not included in the figure or the analysis.
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FIG. 3. Three-dimensional snapshot of the cumulus and congestus cloud field at 1330 UTC
(2130 LT). Gray isosurfaces are 0.01 g kg~ ! of cloud condensate. Surface colors are the potential
temperature at the lowest above-surface model level and show the development of cold pools in

association with the congestus.

features in subsequent time steps based on the predicted up-
draft motion to create trajectories of tracked “cells.” Any fea-
tures that are not linked to a trajectory or have a lifetime of less
than 5 min (i.e., is not identified in at least two consecutive time
steps) are excluded from the analysis as a quality check.

Because tobac allows updrafts to be tracked in time, we can de-
termine cloud statistics at each time step 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 time step. We define congestus updrafts
in this paper as cells which have 1) a cloud base at each time step
below 2 km thereby excluding midlevel clouds, such as altocumu-
lus, which have a much shallower vertical extent; 2) a maximum
CTH over all time steps between 4 and 7 km; and 3) no other
clouds located within the same column for at least 1 km above
cloud top or below cloud base at any time step. These require-
ments 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 al-
gorithm, as with most tracking algorithms, requires a physi-
cally 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 defi-
nition 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 be-
longs to a cloud with a maximum CTH between 4 km and the
0°C level (~5.1 km 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
7 km, it is considered transient. Transient congestus are further
subdivided at each time step into developing transient and
mature transient, based on the CTH assessed at the time step
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 time step, while mature transient
are those with a CTH above it. This allows us to compare con-
gestus before they reach the 0°C level to see what differenti-
ates 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 above
7 km, but when identified, these were considered as deep con-
vection and excluded from our analysis.

In this work, we track congestus and classify them as termi-
nal or transient based on CTH at 5-min output resolution. It
is possible that a congestus may reach a greater CTH than the
identified maximum CTH at some time in between sampling;
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FIG. 4. Definition of the normalized radial coordinates and composite cross sections. (a)—(c) 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 (#* = 0) and solid contours are one radius away (r* = 1) from the updraft edge. Horizontal
wind barbs are also displayed. (d)—(f) 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 (a) and (d) are different.

in this case, this would potentially blur the classification be-
tween congestus subcategories. However, this is most likely to
happen around the tallest terminal congestus (e.g., when a ter-
minal congestus close to the 0°C level does actually ascend
above it for less than 5 min in between analysis times). Since
the development only persists briefly, it is unlikely to signifi-
cantly impact the general results.

e. Compositing approach

Once congestus clouds are identified and classified as termi-
nal or transient, they are aligned in space to generate compo-
sites of various fields for each type of congestus. This process
is illustrated in Fig. 4. For each congestus updraft, a given field
Y(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, 6, z).
Normalized coordinates are used in the radial direction, and
physical coordinates are used in the vertical (Drager et al.
2020). The radial distance r is normalized by the updraft radius
(0, z), which is a function of altitude and azimuthal angle, to
give r* = r/r' — 1, such that r* < 0 inside the updraft, r* = 0 at
the updraft edge, and r* > 0 outside the updraft (Figs. 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 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 Figs. 4d—f. Key regions within the updraft re-
ferred to within the text (e.g., updraft shell, updraft core, en-
trainment/detrainment regions) are annotated in Figs. 4d—f to
assist in orientating the reader, while a more detailed descrip-
tion of these features can be found in section 4b.

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 com-
prising 445 tracked cells are observed (Fig. 5a). The CTH
distributions (Figs. 5b,c) show a clear peak between 4 and
7 km, 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

Unauthenticated | Downloaded 11/16/22 04:14 PM UTC



NOVEMBER 2022 LEUNG AND VAN DEN HEEVER 3089

(a) Congestus Count Timeseries

17.5 1
B Terminal (66.0%)
15.0 1 I Developing Transient (20.0%)
2 1251 I Mature Transient (14.0%)
-g ’ —— All Congestus (N=1552)
2 10.0 1
s
8 757
E
Zz 5.01
2.5
08;00 12;00 16:00 20:00 00:00 04:00 08:00 12:00 16:00 20:00 00:00
Time (Local)
(b) Congestus CTH Distribution  (c) Total CTH Distribution
8 -
E
=
=z 61
2
[
T
o
L4
o
2
2
[®]
27
0 25 5 75 100 125 0 200 400 600
Number of Features Number of Features
(d) Congestus Volume Timeseries
2501 mm Terminal (55.3%)
I Developing Transient (16.3%)
"‘g 200 EEM Mature Transient (28.3%)
_f’ —— All Congestus (17580 km?3)
£ 150
[=]
>
5 100+
o
o
=)
50 +

16:00 20:00 00:00 04:00 08:00 12:00 16:00 20:00 00:00

Time (Local)

12:00

08:00
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occupied by each type of updraft. The 0°C level is indicated by the dashed gray horizontal line, and
congestus height criteria (4-7 km AGL) are indicated by the solid gray horizontal lines.

congestus make up 66.0% of tracked cells (Fig. 5a). The The proportion of transient congestus to the total number

other 34.0% of congestus updrafts reach above the 0°C
level for at least one time step during their tracked lifetime,
with 14.0% of those extending above the 0°C level in the
current time step, and hence considered as mature transient

congestus.

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 defini-
tions of terminal and transient congestus here are different
than those in Luo et al. (2009). That being said, the fraction of
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(red), developing transient (light blue), and mature transient (dark blue) congestus. Solid lines are the mean and the shaded areas are the

5%-95% confidence intervals at each vertical level.

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 (Fig. 5a), transient con-
gestus updrafts occupy a similar volume overall to the termi-
nal congestus updrafts (Fig. 5d). In terms of mean updraft
size, Fig. 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 2 km, but developing transient congestus
(light blue lines in Fig. 6b) begin to have wider updrafts above
3 km. That being said, because there are more numerous ter-
minal congestus, they occupy a larger total area for vertical
levels below 3 km (Fig. 6a). Although developing transient
and terminal congestus updrafts have similar cloud-top
heights, those that will grow above the 0°C level (i.e., develop-
ing transient) tend to be wider close to the cloud top.

The overall structure of congestus updraft velocities is fairly
consistent (Fig. 7). The fluctuations in updraft velocity coin-
cide with stable layers in the domain (Fig. 1): updrafts slow
down as they ascend through the trade wind stable layer be-
tween 2 and 3 km and then again at the 0°C level stable layer
between 4 and 5.1 km (dashed gray line in Fig. 7). Differences
between terminal and developing transient congestus updrafts
become clear above 2.7 km (solid gray line in Fig. 7), with de-
veloping 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 (Fig. 7e). This increased updraft velocity
enhances the ability of transient congestus to reach higher alti-
tudes, impact the midlevel environment around the 0°C level,
and thus potentially support the transition into deep convection.

4. Vertical acceleration budget
a. Vertical acceleration calculation

In the next few sections, we investigate the physical pro-
cesses driving the differences in terminal and transient

congestus based on the vertical acceleration budgets. The con-
ditionally sampled vertical momentum equation can be writ-
ten in the following form, and is similar to de Roode et al.
(2012) and many cumulus parameterizations:

aw, 1 |ap
w, _ B, n __{ P J
at — Lol L 9z |,

N Term 1: buoyancy
time tendency Term 2: perturbation pressure gradient

+ —ﬁ ch -i(w — w )pdC
Term 3: momentum entrainment
. Clawg 1 Alpw—w)le
2 9z Alpl, az
Term 4: vertical advection Term 5: turbulent vertical flux
1

where we sample only cloudy updraft points or some subset
of those points (e.g., only terminal congestus updrafts). At
each vertical level, the conditionally sampled area is A..
The conditional average is represented by the | |. operator,
such that [¢], = (Ld;dC)/AC. Similarly, terms with a sub-
script . are density-weighted conditional averages such that
W, = (Lpl[ldC)/(A P.), where p is the density. The full deriva-
tion of Eq. (1), is shown in the appendix. The term on the left-
hand side of Eq. (1) is the time tendency of updraft velocity w
for a given time step at each vertical level. The terms on the
right-hand side represent forcings that drive the vertical accel-
eration. The first term is the acceleration due to buoyancy
[B = g(0/6,) + gri(1 — €)/le — gr ], where g is the gravitational
acceleration, 6 is potential temperature, r, is the water vapor
mixing ratio, and r. is the total condensate mixing ratio;
specifically, this can be broken down into buoyancy due to
thermal perturbations [g(6/6)], water vapor mixing ratio
perturbations [gr/(1 — €)/e], 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 mo-
mentum into/out of the conditionally sampled area (where vy
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cates 2.7 km AGL as discussed in text.

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 Eq. (1) denotes a pertur-
bation calculated relative to an environmental base state
(denoted by a subscript zero). We follow a similar approach
to Marinescu et al. (2021) in calculating the base state. At
each time step, the median of all noncloudy grid points
(condensate < 0.01 g kg™ ') is taken at each model altitude
thus comprising the environmental profile from which to cal-
culate perturbations at each time step. We use the median of
noncloudy grid points rather than the temporally invariant
model base state, but the two are in good agreement and dif-
fer only marginally. It should be noted that at each time step,
the perturbation is taken from a single background profile
rather than relative to the nearby environment of each up-
draft for the sake of simplifying computations, though this
may cause some deviation from the actual acceleration experi-
enced by an updraft (Davies-Jones 2003; Peters 2016).

b. Composite vertical profiles

Mean vertical profiles of the terms driving the vertical ve-
locity for each congestus type are shown in Fig. 8. Over the
whole congestus ensemble, buoyancy and PPGF (Figs. 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 oppo-
site trends with a slight offset in the vertical such that the
PPGF acts as a drag on the buoyancy acceleration. The hori-
zontal entrainment of momentum is close to zero (Fig. 8e).
Turbulence and vertical advection of momentum (Figs. 8f,g)
generally have smaller magnitudes than buoyancy and PPGF
throughout the column, but have appreciable magnitudes
nearing the 0°C level and above.

Although buoyancy and PPGF account for the largest mag-
nitudes of updraft acceleration, their sum does not fully de-
scribe the shape of the vertical velocity profile. Positive net
accelerations would generally lead to increases in vertical ve-
locity with height, with the opposite for negative accelera-
tions. The combination of buoyancy and PPGF (Fig. 8d) does
not match up with the turning points in the vertical velocity
profile (Fig. 8a), which are drawn as gray lines to guide the
reader. Instead, accounting for the acceleration due to vertical
advection (both bulk advection in Fig. 8¢ and subplume fluc-
tuations in Fig. 8f) leads to a better alignment with the mean
updraft profile (Fig. 8h).

As shown previously, mature transient congestus have
stronger updrafts than terminal congestus all throughout the
column (Fig. 8a). On the other hand, developing transient
congestus only have stronger updrafts than terminal congestus
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FIG. 8. Profiles of vertical velocity and the terms primarily contributing to the updraft acceleration for terminal (red), developing
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where the first derivative of vertical velocity changes sign.

above 2.7 km AGL (Fig. 9a). This increase in developing tran-
sient updraft velocity occurs alongside an increase in buoyancy
relative to terminal congestus (especially thermal buoyancy, as
shown in Figs. 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. To improve our physical understanding
as to why this is the case, we construct combined vertical and
radial composites to examine the horizontal structure of the
updraft and its interactions with the surrounding environment.

Figure 10 shows composite cross sections of total con-
densate, vertical velocity, cross-cloud edge velocity, and latent
heat released as a result of vapor to liquid transitions for ter-
minal, 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 7* = 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 (Figs. 9a-f), which is con-
sistent with a switch from net latent heat release within the
updraft core arising from condensation and cloud droplet
activation (warm colors in Figs. 10j-1), to net latent heat
absorption outside the updraft due to evaporation (cool colors
in Figs. 10j-1).

Directly surrounding the updraft, there is a shell of subsid-
ing air that is narrower than the updraft itself (Figs. 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 compos-
ite wind field shows the updraft and downdraft as part of a
circulation with entrainment near cloud base and detrain-
ment toward cloud top (Figs. 10g—i). Closer to the updraft
core, mean winds are directed toward the updraft core as
high ~3-4 km AGL.

Overall, mature transient congestus have faster updraft ve-
locities (Figs. 10d,f) and more condensate mass (Figs. 10a,c)
than terminal congestus. The differing height relative to the
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indicates 2.7 km AGL, as described in text.

0°C level also strongly impacts the subsiding shell. Terminal
congestus downdraft shells are more column shaped, extend-
ing fairly continuously until close to cloud base (Fig. 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 up-
draft circulation is broken up by the stable layer to form dis-
tinct circulations above and below the 0°C level (Fig. 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 2.7 km
AGL (as shown in Fig. 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 Fig. 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 envi-
ronments (r* > 2 in Fig. 11c), particularly above ~2 km AGL.
At corresponding altitudes, terminal congestus experience
more evaporation of cloud droplets (Fig. 11f) alongside a
drop in buoyancy relative to transient congestus (Figs. 9b,c).
This suggests that transient congestus are more protected
from dilution in the midlevels between ~3 km AGL and the
0°C level, explaining their faster updraft velocities in this re-
gion (Fig. 9a). Transient congestus updrafts are mixed with
more humid environmental air, leading to less droplet evapo-
ration 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 de-
termining congestus height.

This effect is compounded by transient congestus being wider
than terminal congestus at those altitudes (Fig. 6b), which further
protects their updraft cores from dilution. The difference in
equivalent potential temperature (6,) is shown in Figs. 11j-1 as a
metric for dilution, with larger 6, values correspond to air origi-
nating 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 con-
gestus shows that terminal congestus tend to be more diluted
(Fig. 111), particularly above ~2.7 km where the substantial dif-
ferences 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
(Figs. 11i and 6c). As mature transient congestus cross the
0°C level, they do still experience a dip in buoyancy as a re-
sult of the increased condensate loading and the decreased
thermal buoyancy (dark blue line in Fig. 8b). However, upon
crossing the 0°C level, the condensate can start to freeze and
release latent heat (Fig. 100), which allows them to regain
some buoyancy (Fig. 8b) and continue developing vertically.

5. Aerosol activation and detrainment

The differences in vertical development between terminal
and transient congestus as discussed in section 4 lead to differ-
ences 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 He-
ever 2013) allow us to track how aerosol particles within the
model domain interact with, and are redistributed by, conges-
tus updrafts. Figure 12 shows composites of water vapor and
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FIG. 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)~(I) latent heat
due to vapor-liquid transitions (K s~ '), and (m)—~(o) latent heat due to solid-liquid transi-
tions (K s ') as a function of the normalized distance from core edge (+*) and altitude.
(left) A composite of terminal congestus, (center) a composite of developing transient
congestus, and (right) 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 7* = 0 denotes the mean edge of the updraft. Only coordinates with more
than 50 samples are shown. Areas above 5.1 km AGL are left blank in the left and center
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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FIG. 12. As in Fig. 11, but for the aerosol budget terms described in the text (kg kg1, as well as the water vapor
enhancements (kg kg™ '). Enhancements are taken relative to clear-sky profiles at each time step. (left) A composite
of terminal congestus, (center) a composite of mature transient congestus, and (right) the difference between the
center and left columns. Areas above 5.1 km in the difference plot are left blank since terminal congestus are de-
fined to have tops below 5.1 km. The gray dashed line indicates the mean 0°C level.
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three separately tracked terms within the aerosol budget
taken as perturbations from the clear-sky mean at the same
time step. Aerosol particles are initialized in the unprocessed
aerosol term. When they are activated as CCN in cloud drop-
lets, 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 concen-
trations are lower around and within congestus updrafts, as
those aerosol particles are activated as CCN and are sub-
sequently transferred to the in-hydrometeor category. A ma-
jority of aerosols enter the updraft at cloud base at the
entraining branch of the overturning circulation involving the
updraft and its surrounding shell (Figs. 12a,b). For transient
congestus though, which extend above the 0°C level, the over-
turning circulation is broken into two circulations, one above
and one below the 0°C stable level (Figs. 10f,i). As a result,
there is also entrainment into the updraft at the 0°C level for
mature transient congestus (Fig. 12b). This entrainment of
aerosol particles around stable layers has implications for
what air masses are entrained into clouds, especially in re-
gions 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 (Figs. 12d.e).
Most aerosol particles are activated within 2 km above cloud
base, with more being activated toward the center of the up-
draft, 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 terminal congestus throughout most of
the column (Fig. 12f), due to their stronger updraft velocities
producing higher supersaturations.

Aerosol particles are regenerated, and returned to the at-
mosphere, 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 (Figs. 12g,h). Once the liquid water is evaporated
the aerosol particles are returned to the subsaturated environ-
ment. As the droplets evaporate, water vapor is also enhanced
relative to the clear-sky background (Figs. 12j,k). Most aero-
sol 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, ter-
minal congestus evaporate more readily (Fig. 11j) upon mix-
ing with their less humid environments (Fig. 11a), compared
to transient congestus. As a result, they subsequently release
more regenerated aerosol than transient congestus (Fig. 12i).

Transient congestus also regenerate notable aerosol mass
within the updraft above the 0°C level (Fig. 12h), despite
being buoyant with a positive acceleration at those altitudes
(Figs. 8b,g), and an associated net release of latent heat (Fig. 101).
This increase in regeneration may be attributed to reductions
in updraft velocity and hence the generation of supersaturation
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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 detrainment of
aerosol particles lead to enhanced aerosol concentrations as
far as two updraft radii away from the updraft edge (~2-4 km
away).

Although transient congestus have comparatively stronger
downdrafts than terminal congestus at their respective cloud-
top heights (Figs. 10d,f), terminal congestus downdrafts
extend all the way to cloud base, while mature transient con-
gestus downdrafts are broken up by the 0°C stable layer. As a
result, terminal congestus have greater amounts of regenerated
aerosol between the surface and 3 km (Fig. 12i), while transient
congestus have greater regenerated aerosol and water vapor in
midlevel detrainment layers. The aerosol and water vapor be-
ing 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 maxi-
mum 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 detrain-
ment in modifying the near-cloud environment, as well as the
manner in which the heights of terminal and transient conges-
tus relative to stable layers influence this modification.

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 sta-
ble 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 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 accel-
erations was shown to describe the shape of the updraft verti-
cal velocity profiles better than either term alone. We also
showed that accounting for vertical advection of momentum
throughout bulk and turbulent motions improved the repre-
sentation 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.
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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 circu-
lations of terminal and transient congestus is shown in Fig. 13.
Terminal and transient congestus updrafts are both surrounded
by relatively weaker downdrafts, though terminal congestus
downdrafts are more vertically homogeneous 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 sep-
arated by the 0°C stable layer in addition to the branches sepa-
rated by the trade wind stable layer.

In analyzing which factors of the vertical acceleration bud-
get 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 this pro-
cess by showing that transient congestus are surrounded by
more humid environments above 2.7 km AGL, which corre-
sponds to more protection from evaporation, increased buoy-
ancy, 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 influ-
enced their near-cloud environments, including aerosol load-
ing. 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 out-
wards, rather than directly toward the surface due to con-
straints 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 midlevel 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 stru-
cture 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 exam-
ine how the balance between buoyancy, PPGF, and vertical
momentum advection changes with environmental proper-
ties such as the strength of the 0°C stable layer, midlevel
humidity, wind shear, and even the vertical gradient of aero-
sol concentration. Furthermore, the aerosol composites from
this study suggest that environments with differing propor-
tions of transient congestus, as has been shown for increased
surface aerosol loadings in Sheffield et al. (2015), are likely
to have differences in midlevel aerosol and water vapor de-
trainment 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 con-
gestus updrafts vary in differing thermodynamic and aerosol
environments.
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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

dp
—+ V. =
o (pv)

(A1)
where p is the density and v is the full velocity vector.

Given this, we can define some area of interest ¢ (e.g., con-
gestus updrafts) denoted by an activation function I(x, y, z, f)
that is equal to 1 for the region of interest and 0 otherwise. The
conditional mean of some field ¢y taken only over the area of in-
terest is [¢]° = (1/A C)fclpdA (/A )I domain WIAA , where A, is
the area of interest. By Leibniz’s rule, condmonal averages of
derivatives include an extra term as described in Siebesma
(1998): [ag/az]" = (1/Ac)fc(a¢/az)dA = (/A )[0A [W] /0z].
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 Eq. (Al) to be
1 A [pl° ¢ 1 3A[pw]
A A R

c c

(A2)

For convenience, we define p, = (I domain[PAA) A 10 be the
conditional average of p, and w_= [, . J pwdA/f domain [ PAA =
[pw]/p, to be the density-weighted conditional average of the
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vovw= 1% p (A4)
p 0z

where p’ is the perturbation from base-state pressure and B
is buoyancy.
Combining Eq. (A4) times p with Eq. (A1) times w gives

ag Y E V- (pwy) = g% + pB. (AS)
This can be conditionally sampled as above:
LoAlewl 1 v -dwac - L 04 [
A, ot AT A, 9z
- 2]+ onr
_ 1 A p W, _ w,9Ap, 4 awc7 (A6)

Ao A, o P

c

where the term w = w, + W’ can be decomposed such that w’
is the perturbation from the ensemble value of w.. Thus, we
obtain

J Tpw?dA J Ip(w, + w')*dA
domain — Jdomain
A A

c (4

[pw?]" =

J Tow*dA Ipw'?dA
domain domain

vertical velocity w. Substituting this and using Green’s theorem A + A
to simplify the divergence term into a closed integral over the ¢ ¢
conditionally selected area ¢ makes Eq. (A2) equivalent to J IpdA J Ipw"?dA
— 1,2 Jdomain + domain — 2 + ’2 c
| 0Ap, . 3{; A, - WA A, pwe + [pw”]
—— = ——Qv, - pdC — ——<,
A A A, oz (A7)
Similarly, the momentum equation can be written as Substituting this into Eq. (A6) gives
w_0A p. aw, 1 . 1 0Ap w2 1 9A [pw?] ap’ ¢ w, 0A.p, aw,
TP c— . dC — ke 2 Zele 5 Tc
Ao P Acﬂgvﬂ MR TA T e A, ez a P
1 w2 oA p, aw2 1A [pw?]°  [ap']
= . £ ———c - - + [pB]‘. Al
AL 3€VH apwdC = A, iz ©9z A, 0z 0z [p5] (A8)
The continuity equation in (A3) can be substituted into the left-hand side:
w, 4; s C AP W, N aw, 1 3€ S owdC w2 dA,p, aw? 1 0A,[pw?1°  [ap'] T [pB]f
Zel—dv, - h e e = —— v, - hpowdC — —c e _ LU S ¢
AN\ pre e oz Pefor — A fm P A, o0z Pez T A a2 az| PP

ow 1 . w ipwA  wrdAp. aw? 1 9A [pw?]¢  [op'] ,
X C = - -n — dC + _C [y [y c _ _ ¢ ctc c _ c — | + B c
Pe ot Acﬂgvﬁ plw = w,) oz Aoz Par T A oz az| T PB)
1 wlop A, wrdAp. p.ow? 1 9A [pw?]°  [ap’]
— _ dC + —c P _ "c e _ Pe c _ - ¢ — % + (B C’
ACT{;VH Ap(w = w ) A, iz A, 9z 2 9z A, 9z 9z (pB)
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¢ ot A, 2 9z
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-———— —|—| +[pB]-.
A oz az| T 1PB]

c

np(w — w_)dC —
(A9)

Finally, we define a density-weighted buoyancy B =
JtomainTPBAAI[, - IpdA = [pB]‘/p,. Dividing Eq. (A9)
by p. gives the following equation for the conditionally sam-
pled vertical momentum budget:

d 1 !
we o _ B, + _ { p J
at —— LPJL 0z c

time tendenc Term 1: buoyancy
y Term 2: perturbation pressure gradient

o
+ ——Qv, - fi(w —w )pdC
ALp] §bn B0V = welp

Term 3: momentum entrainment

1 aw? 1 Alp(w — wc)Jg
2 9z Alpl, az
Term 4: vertical advection Term 5: turbulent vertical flux
(A10)
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