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Abstract We develop a novel approach to detect cloud-subcloud coupling during the cloud life cycle and
analyze a large eddy simulation of marine shallow cumulus based on the Barbados oceanographic and
meteorological experiment campaign. Our results demonstrate how the activity of sub-cloud coherent updrafts
(SCUs) affect the evolution of shallow cloud properties during their life cycles, from triggering to development,
and through to dissipation. Most clouds (~80%) are related to SCUs during their lifetime but not every SCU
(~20% for short-lived ones) leads to cloud formation. The fastest growing SCUs in a relatively moist region are
most likely to initiate clouds. The evolution of cloud base mass-flux depends on cloud lifetime. Compared with
short-lived clouds, longer lived clouds have longer periods of development, even normalized by the full lifetime,
and tend to increase their cloud base mass-flux to a stronger maximum. This is consistent with the evolution of
mass flux near the top of SCU, indicating that the development of clouds is closely related to the sub-cloud
activity. When the SCUs decay and detach from the lifting condensation level, the corresponding cloud base
starts to rise, signifying the start of cloud dissipation, during which the cloud top lowers to approach the rising
cloud base. Previous studies have described similar conceptual pieces of this relationship but here we provide a
continuous framework to cover all the stages of cloud-subcloud coupling. Our findings provide quantitative
evidence to supplement the conceptual model of shallow cloud life cycle and is critical to improve the steady-
state assumption in parameterization.

Plain Language Summary The coupling between shallow trade wind cumulus clouds and sub-cloud
processes is not well understood and remains one of the roadblocks to improving our climate modeling
capability. As model resolution increases, the steady-state assumption adopted in conventional convection
schemes no longer holds and the knowledge about the evolution of clouds is necessary to improve the
parameterization. Observations have provided evidence of sub-cloud coherent updrafts being the roots of
shallow clouds, but it is currently not practical to continuously detect how the shallow clouds evolve alongside
the sub-cloud coherent structures. Our study takes a step forward to demonstrate how the sub-cloud coherent
structures interact with the shallow clouds. It is shown that the evolution of sub-cloud coherent structures plays
an important role from cloud initiation, development and through to dissipation. The comprehensive physical
picture of the whole cloud life cycle uncovered in this study provides useful insights to improve the
representation of cloud evolution in convection parameterizations with an explicit treatment of the cloud life
cycle in the future.

1. Introduction

Shallow trade wind cumulus clouds dominate the redistribution of heat and moisture in the lower troposphere over
most of the sub-tropical oceans. The strength of lower-tropospheric convective mixing can affect the low-cloud
fraction, which is critical for the Earth's climate through its impact on reflected incoming solar radiation.
However, due to our incomplete understanding of the highly turbulent flows and the complicated interactions
across scales, convection parameterizations in climate models still have difficulties in representing low-cloud
processes (Brient et al., 2016; Sherwood et al., 2014; Vial et al., 2016, 2017). This uncertainty is an important
contribution toward the large spread of Equilibrium Climate Sensitivity (ECS) in climate models (Bony &
Dufresne, 2005; Vial et al., 2013; Zelinka et al., 2020), indicating the necessity for a more in-depth understanding
of shallow cumulus clouds (Vial et al., 2017).
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One of the key processes that affects the dynamics of shallow cumulus clouds is the coupling with the sub-
cloud layer (Grant, 2006). The behavior of shallow cumulus clouds is related to the turbulent sub-cloud layer
because clouds result from sub-cloud coherent structures that reach the lifting condensation level (LCL). The
relationship of such clouds to the sub-cloud fluxes and structure was well documented in early aircraft ob-
servations of several cases (LeMone & Pennell, 1976; Nicholls & LeMone, 1980). Using Doppler lidar
observations, Lareau et al. (2018) showed that shallow cumulus clouds are linked to coherent updrafts
extending over the depth of the sub-cloud layer. The dependence of vertical velocity and moisture structure of
cumulus clouds and their associated sub-cloud circulations on the size, shape and orientation of surface-
connected coherent structures was reported in large eddy simulations of shallow convective clouds (Denby
et al., 2022; Griewank et al., 2020, 2022). Zheng et al. (2021) demonstrated that half of the variability in the
ensemble-mean cloud-base vertical velocity can be explained by the ensemble properties of sub-cloud tur-
bulence. A close connection between sub-cloud turbulent flows and shallow cumulus clouds has been
incorporated into convection parameterization schemes with empirically derived relationships between cloud
base vertical velocity and sub-cloud turbulence intensity (Betts, 1973; Fletcher & Bretherton, 2010; Neggers
et al., 2006; Stevens, 2006; Zheng, 2019). This is important for estimating the cloud-base mass flux and
coupling with microphysical processes. The transition across scales from turbulent flows, to sub-cloud
coherent structures and to shallow cumulus clouds forms the basis of developing convection parameteriza-
tion schemes that intend to unify the representation of boundary layer turbulence and moist convection (Golaz
et al., 2002; Larson, 2017; Larson & Golaz, 2005; Larson et al., 2002; Neggers, 2015; Rio & Hourdin, 2008;
Siebesma et al., 2007; Soares et al., 2004; Suselj et al., 2012, 2019; Tan et al., 2018).

Comprehensive understanding of the coupling between the sub-cloud layer and trade wind cumulus clouds
also needs more in-depth investigation into how the sub-cloud processes affect the life cycle of shallow
clouds. Considering the effect of cloud life cycle could allow improvement of convection schemes
(Cho, 1977; Kain, 2004; Neggers & Griewank, 2021). Most schemes use a steady-state cloud model while in
reality the clouds may evolve through pulse-like events (Blyth et al., 2005; Heus et al., 2009; Scorer &
Ludlam, 1953; Zhao & Austin, 2005a, 2005b) and so with cloud properties that can vary significantly
depending on the stage of development (S. S. Chen & Houze Jr, 1997). Such evolution may be important for
capturing related events, such as the transition from shallow clouds to deep clouds (Kairoutdinov & Ran-
dall, 2002; Kuang & Bretherton, 2006) and spatial organization into convective clusters (Neggers & Grie-
wank, 2021, 2022). Neggers and Griewank (2021) recently developed a binominal population model that
accounts for the pulse-like behavior and further coupled the model to the eddy-diffusivity mass-flux (EDMF)
framework (Neggers & Griewank, 2022), yielding a decentralized convection scheme that provides insights
into impacts of spatial organization on convective transport. However, parameterizations of cloud life cycle
usually hypothesize the evolution of cloud properties (Neggers & Griewank, 2021; Sakradzija et al., 2015)
due to a lack of direct information. Therefore, it is necessary to make a systematic examination into how the
dynamical and thermodynamic processes in the sub-cloud layer can affect the full cycle of triggering,
development and dissipation of clouds, which will provide useful guidance to improve the steady-state
assumption adopted in the conventional convection parameterizations.

Ground-based observations, such as Doppler lidar, are able to detect sub-cloud-layer structures below shallow
clouds, but cannot continuously track them to cover the whole life cycle of clouds because the lidar measures only
a few places and times for individual clouds. Geostationary satellite observations have the advantage of capturing
the evolution of clouds over their lifetime but may not have enough spatial resolution to detect the detailed
structures and most importantly do not have information in the sub-cloud layer to infer the coupling between
clouds and the sub-cloud layer coherent structures (Seelig et al., 2021). Stereo photogrammetry (Romps &
Oktem, 2018; Romps et al., 2021; Oktem et al., 2014), while being able to collect detailed cloud properties (e.g.,
cloud depth, cloud height) over the life cycle, shares a similar problem with the geostationary satellite obser-
vations in that no matching information for the sub-cloud layer is available. Furthermore, these observations do
not provide details of cloud and sub-cloud coupling over the ocean.

High-resolution large-eddy simulations provide an alternative route for understanding the dynamics of the cloud
life cycle in the absence of continuous monitoring over the ocean, because they are able to resolve most of the
energetic turbulent flows that are responsible for the evolution of moist convection (Siebesma & Cuijpers, 1995;
Siebesma & Jonker, 2000; Siebesma et al., 2003). By tracking the life cycle of six clouds in a large eddy
simulation of trade wind cumulus clouds with a uniform resolution of 25 m, Zhao and Austin (2005b), (2005a)
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demonstrated that the combined effects of small and large clouds are essential for heat and moisture transport to
achieve an equilibrium state with the large-scale forcing. They also showed that shedding thermals are critical to
explain the dynamics of mixing between clouds and the environment. Heus et al. (2009) combined automated
constraints and a three-dimensional virtual reality environment to select a considerable number of exemplary
clouds throughout their lifetime, and provided robust statistical results to illustrate the fundamental role of pulses/
thermals in cloud evolution. Nevertheless, these studies have limitations for our present purposes, either due to the
limited sampling (Zhao & Austin, 2005a, 2005b) or a focus other than the links between sub-cloud coherent
structures and cloud evolution (Dawe & Austin, 2012; Heus & Seifert, 2013; Heus et al., 2009; Jiang et al., 2006;
Plant, 2009).

In this study, we will investigate how the life cycle of shallow cumulus clouds is affected by the evolution of sub-
cloud coherent structures, using a high-resolution large eddy simulation of a typical trade wind shallow cumulus
case with simple forcings and no precipitation. The rest of the paper is organized as follows. Section 2 will present
the details of the simulation and the methodology used to identify and track the sub-cloud coherent structures and
cloud over the life cycle, and to make links between them. Section 3 will address the evolution of cloud properties
and investigate the possible role of sub-cloud coherent structures during the life cycle. Evidence will be provided
in Sections 4 and 5 to illustrate how the initiation and decay of clouds is affected by properties of sub-cloud
coherent structures. The possible factors that affect the length of cloud lifetime will be explored in Section 6.
Discussion and conclusions will be given in Section 7.

2. Simulation and Methodology
2.1. Large Eddy Simulation

The Met Office-NERC (Natural Environment Research Council) Cloud (N. Brown et al., 2015; N. Brown
etal., 2018, MONC) model is used to perform a large-eddy simulation of shallow trade wind cumulus clouds over
sub-tropical ocean, based on the Barbados Oceanographic and Meteorological Experiment (BOMEX). The
BOMEX case has been widely studied for maritime non-precipitating shallow cumulus clouds. It fits well with the
purpose of this study that aims to investigate the coupling between sub-cloud coherent structures and life cycle of
maritime clouds, which is not achievable by ground-based observations in land. The model configuration follows
that of Gu et al. (2020). The grid spacing is 25 m in all directions and the domain size is (6.4 km)? in the horizontal
and 3 km in the vertical. Sub-grid turbulence is parameterized with the 3D Smagorinsky-Lilly scheme
(Lilly, 1962; Smagorinsky, 1963). A simple saturation-adjustment cloud scheme is used to represent the con-
version between water vapor and cloud liquid water as this is a non-precipitating case without ice species. While
previous studies have shown that cloud statistics can be affected by microphysics (Endo et al., 2019; Zhang
et al., 2017), the simple saturation-adjustment scheme is chosen here to ensure minimal physics complexity and
therefore the results focus on connections between sub-cloud layer coherent structures and cloud life cycles that
are essentially dynamics-driven. Our analyses cover a period in the equilibrium state from hour 5 — 7 during the
simulation, with 1 min output frequency for an accurate continuous tracking of cloud objects and the sub-cloud
coherent structures.

2.2. Object Identification and Tracking
2.2.1. Object Identification

In the simulation, the cloudy points are identified where the mixing ratio of cloud liquid water exceeds
1075 kg kg~!. A cloud object is a collection of spatially adjacent grid points each of which satisfies the above
criterion: that is, contiguous grid points are identified as an individual object by checking the neighboring 8 grid
points around the cloudy points until no more cloudy points are found.

Following Couvreux et al. (2010), we use a passive tracer for conditional sampling of coherent updrafts below the
level of cloud base. The passive tracer is emitted from the surface with a constant surface flux and undergoes a
radioactive decay at a constant time scale (7)) :
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The grid points considered to form part of the sub-cloud coherent updrafts (SCU) are identified with the following
conditions:

x € SCU if C' > mx max(o¢, o) & w0, ()

where C’ is the anomaly of the tracer concentration with respect to the domain mean at each vertical level and w is
the vertical velocity. m is a scaling factor and is set to 1 for most of the results discussed below. o and o,,,;, are the
standard deviation of tracer concentration at the given level and the minimum threshold, respectively. o, is
calculated as 5% of the averaged standard deviation below the corresponding vertical level. Using these condi-
tions, the most energetic coherent updrafts can be effectively found and will be used to understand the connection
with cloud life cycles. The robustness of the results in Section 3 are further examined by testing the sensitivity to
the scaling factor and the way that the surface flux of the passive tracer is prescribed.

It should be emphasized that the coherent structures are closely packed near the surface, where these structures
start to form. The tracer concentration anomalies near the surface are small because the coherent structures have
not fully developed yet. This leads to a difficulty in effectively distinguishing different coherent structure objects
and to link each cloud in any simple and reliable manner with a single sub-cloud coherent structure. To separate
the individual coherent structures, we only apply the conditional sampling between the heights of 250 and 600 m.
The 250 m level is chosen because the horizontal scale of the auto-correlation of vertical velocity is largest there
(Gu, Plant, Holloway, & Clark, 2024) so that the sub-cloud coherent structures can be clearly distinguished. The
600 m level is slightly above the cloud base and thus the sub-cloud coherent structures and the clouds will not be
confused. Another consideration is that the sub-cloud coherent structure detaches from the cloud during the
decaying stage of the cloud, as shown in Sec 4. We choose 600 m in order to identify such detachments reliably.
This height level is slightly above the cloud base so that the detachment of the sub-cloud coherent structure can be
easily detected once the associated tracer becomes restricted to the sub-cloud layer. After the SCU grid points are
determined, the individual coherent structures are identified, following the same strategy as for the cloud objects.

2.2.2. Object Tracking

Continuous records of properties during the lifetime are necessary for understanding the life cycle, requiring a
continuous tracking of the objects. After the cloud objects and the sub-cloud coherent structures at all output times
have been identified following Section 2.2.1, a matching up of objects at adjacent output times is conducted. The
matching algorithm follows that developed in Gu et al. (2020) and is an extension of Muetzelfeldt (2020), which
itself combines methods from Stein et al. (2014) and Plant (2009), allowing it to track 3D objects instead of 2D
objects.

The 3D objects are first projected vertically onto the horizontal plane. Using the projected 2D fields, a translation
vector between one output time and the next is obtained using the convolution of Fourier-transformed 2D fields at
the two adjacent output times, which produces the maximum correlation of the cloud fields. A particular object is
then considered to be the same object from one output time to the next if, when projected forwards with the
translation vector to the next output time, it overlaps with or is touching an object at the next output time. There
are some complications when building up the life history, depending on how the projected objects overlap with
those at next output time, which can result in merging and splitting of cloud objects (see Plant, 2009; Muet-
zelfeldt, 2020, for details). For convenience of analysis over the life cycle of each object, here we retain only one
object if there are multiple objects identified as overlapping or touching. If one object merges with another, we
continue to track both objects as one merged object until it dissipates. If an object splits into several objects, we
only continue to track one object. The retained object has the closest depth to the parent one at previous output
time. In this way, each object can be appropriately tracked over its lifetime without losing much information.

Figure 1 illustrates the tracking for three example clouds with different lifetimes. The tracks mostly follow a
quasi-linear line due to the background mean flow of —8 ms~! within the cloud layer. With this method, a total of
2,224 cloud objects have been tracked and subsampling tests confirm that this is sufficient to provide robust
statistical results.

To study how shallow cumulus clouds are supported by sub-cloud coherent structures, and how the sub-cloud
coherent structures affect the initiation, development and dissipation of shallow clouds, we must develop a
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Figure 1. The tracks of three example clouds viewed from the top: (a) cloud 50, (b) cloud 1, and (c) cloud 222. The first cloud location of each track is marked with blue
color. Red, yellow, green, cyan, magenta, black and gray colors are then used in a repeating sequence for the subsequent locations at 1 min intervals. The first and last
cloud object during the tracked period are marked with bold “Start” and “End” on each panel. The black thick arrow above panel (b) denotes the mean flow direction

near cloud base.

strategy to determine connections between the two object types. In principle, the passive tracer concentration
could be used to make connections since the passive tracers are transported into the clouds. However, such a
method would not be reliable: first, because the tracers will be detrained out of cloud and thus non-zero con-
centrations will occur in the environment and therefore cannot be used as a marker of clouds, and second because
the connection might break when the sub-cloud coherent structure no longer supports the cloud. To this end, we
determine whether a cloud overlaps with a sub-cloud coherent structure. At each time, a tracked cloud is asso-
ciated with a sub-cloud coherent structure if some of its cloudy points are also occupied by the sub-cloud coherent
structure.

The overlapping could be considered either in 3D or in 2D, as illustrated by the schematic diagram of Figure 2. In
some cases, the sub-cloud coherent structure may have just started to develop and has not overshot the LCL, or it
may have started to decay such that its top becomes detached from the cloud base. The base of the clouds may also
rise. We wish to make an association in such cases, such that the sub-cloud coherent structures and the clouds
remain connected while both object types complete their full life cycle. Given these considerations, a sub-cloud
coherent structure and a cloud are marked as connected if the vertically projected 2D fields from their 3D objects
overlap even though they may not have overlap in the vertical (e.g., bottom row of Figure 2). This approach
ensures the collection of information over the full life cycle for a compre-
hensive evaluation of interactions between the sub-cloud coherent structures

A

D

and the shallow cumulus clouds.

|:> 3. Cloud Properties Over Life Cycle

Before presenting details of the cloud life cycle, it is very interesting to see the
extent to which the clouds have support from sub-cloud processes. Figure 3

shows the normalized frequency distribution of cloud lifetime, along with the

i proportion of clouds that have connections with sub-cloud coherent structures

as a function of the lifetime. The lifetime distribution has a maximum of 78%

: for the shortest lived clouds (5-10 min) and decays approximately expo-

nentially as the cloud lifetime increases. The longest lived cloud has a lifetime
around 45 min. Such long-lived shallow cumulus clouds have been observed,
and also previously found within large eddy simulations (Neggers et al., 2003;

Romps et al., 2021). A cloud is accounted as having support from SCU

Figure 2. Schematic diagram of the strategy to connect sub-cloud coherent structures if it is found to connect with an SCU at any time during the life
structures and cloud objects. The upper row represents the overlap of a sub- cycle. Not every cloud has sub-cloud support, especially the short-lived ones.
cloud coherent structure and a cloud object in the xz (left) and xy (right) Only ~80% of the short-lived clouds are connected with sub-cloud coherent

planes. The lower row represents a situation in which a sub-cloud coherent
structure does not overlap with a cloud object in the xz plane (left) but which can
be connected if projected onto the xy plane (right). The white color marks the

structures, although this proportion increases to nearly 100% for long-lived
clouds. The absence of sub-cloud support for some short-lived clouds may

cloud object and the gray color marks the sub-cloud coherent structure. The indicate that these are dynamically passive, or else that some of the clouds in

horizontal dotted line represents the lifting condensation level.

the data set were captured only during the later part of their decaying phase, at
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1.0 —— 1.0 which time associated sub-cloud coherent structures may have disappeared.
@ Ry A == 3 Nonetheless, Figure 3 clearly shows that connected sub-cloud coherent
8 0.8 i 0'82 structures must exist to support a long life cycle, consistent with previous
P = studies (Lareau et al., 2018; LeMone & Pennell, 1976; LeMone et al., 2019;
206 069
o] 2 van Stratum et al., 2014).
G O
,§ 04 O'AE Figure 4 shows the evolution of cloud top, cloud base (Figure 4a) and cloud
2 55 - £ depth (Figure 4b) during the life cycle. The clouds have been divided into three
5 T groups: short-lived (5—10min), mid-lived (10—15min) and long-lived
0.0 0.0 (>15min) clouds, based on their lifetime. Clouds with lifetimes less than 5 min
0 10 20 30 40 50 60 S . . .
Lifetime (min) are excluded to minimize the impact from passive clouds. To facilitate com-
parison of the evolution for clouds with different lifetimes, each cloud life
Figure 3. The frequency distribution of cloud lifetime is shown with blue cycle has been normalized before compositing, with cloud properties inter-

shading, for a bin size of 5 min and subject to a minimum lifetime of 5 min.
The black dashed line represents the proportion of clouds that have a
connected sub-cloud updraft at some stage during their life cycle.

polated onto the relative lifetime and then averaged for each group. The mean
cloud bases start from the lifting condensation level (LCL; ~540m) no matter
how long the clouds last. The mean cloud top starts from a level that is about
125 m above the mean cloud base, steadily elevates to achieve a maximum before descending. In the later part of the
life cycle, the mean cloud top and cloud base approach each other with the rise of cloud base being more marked
than the fall in cloud top. The cycle of cloud depth is largely determined by cloud top changes in the first part of the
cycle and by cloud base changes at the end. The non-zero cloud depth at the beginning and the end indicates that the
clouds initiate and dissipate rapidly as the model output interval is only 1 min. The absence of a plateau in the time
series of cloud properties indicates that the clouds are more bubble-like clouds, rather than plume-like clouds with a
steady state. These general features are consistent with stereo photogrammetry observations and other large eddy
simulations of shallow cumulus clouds on land (Romps et al., 2021; J. Chen et al., 2023).

Nevertheless, the evolution of cloud properties has significant differences among clouds of different duration. The
mean cloud top of short-lived clouds is higher than the other two groups of clouds at the beginning, perhaps
because some of these clouds have developed for a while before the tracking period (hour 5-7) begins. Another
possibility is that there might be some sub-cloud coherent structures pulsing intermittently across the LCL, thus
having higher cloud top when first detected as a connection, but not lasting too long. The evolution of cloud top
and cloud depth are not symmetric over the normalized lifetime and differs for the three cloud groups. The top of
the short-lived clouds only takes 50% of the life cycle to rise to its maximum before it gradually descends. The top
of the longest lived clouds rises the most (from 650 to 1,300 m) in the normalized lifetime during the development
stage. Their tops reach the highest level at around 80% of the life cycle, similar to the mid-lived clouds. The cloud

Cloud top  /Cloud bottom (m) Cloud Depth (m)
13001 —— Short (5-10 min) (a) 7007 _ Short (5-10 min) (b)
---- Mid (10-15 min) ——— Mid (10-15 min)
12001 | Long (> 15 min) .v:..: ] Long (> 15 min)

0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
Normalized Cloud Lifetime Normalized Cloud Lifetime

Figure 4. Evolution of (a) cloud top (blue lines) and cloud base (black lines) and (b) cloud depth (black lines) with normalized
cloud lifetime. The clouds are divided into three groups based on the length of the lifetime. The solid lines represent short-
lived clouds with lifetimes of 5—10 min, the dashed lines represent mid-lived clouds with lifetime of 10—15 min and the
dotted lines represent long-lived clouds with lifetime longer than 15 min.
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Figure 5. Evolution of (a) cloud base relative humidity, (b) cloud base area fraction and (c) cloud base mass-flux (kgm_2 s~1), with normalized cloud lifetime. The solid,
dashed and dotted lines represent the same groups of clouds that have sub-cloud coherent updrafts attached at each normalized lifetime as in Figure 4.

tops of mid-lived and long-lived clouds both decrease quickly during the last stage. The longer the clouds live, the
later their bases start to rise. The cloud base of short-lived ones starts to rise from the very beginning. The mid-
lived ones' bases start to rise at around 20% of the lifetime while the base of the long-lived clouds does not appear
to rise until they have gone through 60% of the lifetime. In summary, long-lived clouds tend to have larger depth.
The longer a cloud lives, the faster its top rises and the later its base starts to rise. These results indicate that
different types of cloud property evolution should be considered in a spectral plume model if the cloud life cycle
needs to be parameterized.

In addition to the vertical extent of the cloud base, other properties, such as relative humidity and the cloud-base
mass flux, are also important for us to understand the dynamics. Figure 5a shows the evolution of relative hu-
midity at the LCL during the whole cloud life cycle. The relative humidity of all clouds starts at near saturation but
that of the short-lived ones decreases almost immediately. The relative humidity at LCL for mid-lived and long-
lived clouds remains steady until their respective cloud base begins to rise. The timing for the decrease of relative
humidity is consistent with the rise of cloud base, as shown in Figure 4. Similar aspects of evolution can be seen
for the cloud-base mass flux (Figure 5b), with decreasing mass flux from the beginning for short-lived clouds and
an increasing and decaying cycle for mid-lived and long-lived clouds. The evolution of cloud-base mass flux is
largely controlled by the cloud-base area fraction (compare Figures 5b and 5c), regardless of the length of cloud
lifetime. The initial cloud-base mass fluxes among the different cloud groups are close to each other and clearly
larger than zero, pointing to the importance of dynamical support from below when the clouds are initiated.
Comparing Figures 5a and 5b shows that the relative humidity near cloud base starts to decrease later within the
life cycle for the larger clouds. This might be because a larger cloud area can protect the moisture from dilution,
thus leading to a longer cloud lifetime.

4. Role of Sub-Cloud Coherent Structure During the Life Cycle

To examine the role of sub-cloud coherent structures on the cloud life cycle, we consider the contribution of the
resolved vertical velocity variance to the turbulent kinetic energy (TKE) at the LCL: that is, (1/2)w2. The
variance is evaluated for the sub-cloud coherent structures that are connected with each cloud during its life cycle,
and is averaged for each group of clouds and interpolated onto the normalized cloud lifetime (Figure 6). The main
features of the variance evolution for different groups of clouds are consistent with those of cloud base mass-flux.
The value at LCL starts from non-zero, indicating that the sub-cloud coherent structures have already developed
to a certain strength when the cloud is first formed. The SCU variance below mid-lived clouds increases to a
maximum only when 20% of the life cycle has passed while that below long-lived clouds achieves a maximum at
40% of the normalized lifetime. Comparing Figures 4a and 6, the timing for the sub-cloud coherent structures
below mid-lived and long-lived clouds to achieve maximum variance occurs ahead of the timing for the rise of
cloud base. Since the rise of cloud base signifies the start of cloud dissipation, the earlier start to the decay of SCU
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%m of SCU at Cloud Base variance strongly supports the idea that dynamical forcing from the sub-cloud
_____ — Short (5-10 min) coherent structures is a key process that supports the development and
0.35 1 o ———— Mid (10-15 min) maintenance of cloud life cycle.

0.05

We further illustrate the critical role of sub-cloud coherent structures during

........ Long (> 15 min)

the cloud lifetime by examining several examples. Figure 7 shows the whole
life cycle for three example clouds, one in each group. For each cloud, a sub-
cloud coherent structure is found below the LCL at the start of the life cycle. It
is when the SCU disappears in the sub-cloud layer that the cloud base starts to
rise, consistent with the average behavior shown in Figure 6. The cloud top
stops ascending and begins to lower shortly after the rise of cloud base
(Figure 7c¢), indicating that the cloud ceases development because of the lack
of support from below. While the physical picture of cloud evolution has been
well established in previous studies (e.g., Heus & Seifert, 2013; Heus
et al., 2009; Romps et al., 2021; Zhao & Austin, 2005a, 2005b), our study
provides the first explicit evidence to illustrate how cloud-subcloud coupling
affects shallow cumulus clouds during different stages of the cloud life cycle.

5. Cloud Triggering

0.0

Figure 6. Evolution of sub-cloud coherent updrafts' resolved vertical velocity

0.2

0.4
Normalized Cloud Life

0.6 0.8 1.0 Sub-cloud coherent structures do not always lead to the formation of clouds,
even though they are necessary during the cloud life cycle (LeMone &
Pennell, 1976; Lareau et al., 2018; van Stratum et al., 2014; Wang

variance ((1/2)w2, m2s=2) at cloud base with normalized cloud lifetime. et al., 2022). Figure 8 shows the frequency distributions of lifetime for all the
The solid, dashed and dotted lines represent the same groups of clouds as in tracked sub-cloud coherent structures (blue shading) and for those that are

Figure 4.

connected to clouds during their lifetime (red shading). Both distributions

decrease approximately exponentially with lifetime, consistent with that of
cloud lifetime distribution (Figure 1). Short-lived SCUs are less likely to support the formation of a cloud
(LeMone & Pennell, 1976, LeMone et al., 2019). The percentage of sub-cloud coherent updrafts that are con-
nected to clouds increases non-linearly from only 20% when the lifetime is less than 5 min to almost 100% when
the lifetime is longer than 30 min, indicating the favorable role of long-lived SCU for cloud formation. The non-
linear increase of the percentage of SCUs supporting shallow clouds with SCUs' lifetime might result from the
positive feedback between the SCUs and the shallow cumulus clouds, that is, the presence of cloud can lead to a
larger lifetime of SCU through enhanced venting and sub-cloud mixing, as found in Williams et al. (2011). But
what determines whether a SCU will initiate a cloud?

In most mass-flux-based convection parameterizations, the triggering of convection depends on the thermody-
namic conditions, particularly the buoyancy of an adiabatic ascending parcel rising from surface or mixed layer to
the LCL (e.g., Gregory & Rowntree, 1990). Dynamical forcing, such as the grid-scale convergence or the vertical
velocity contribution to TKE, may also be considered in the trigger function (e.g., Kain, 2004). Some schemes

(b)

tiae Tlieenesse .

= 3

100

150

200

Figure 7. Side view of the tracks of three representative clouds with lifetimes of (a) 7 min, (b) 14 min, and (c) 18 min, corresponding to the short-lived, mid-lived and
long-lived clouds, respectively. The first cloud location of each track is marked with blue. Red, yellow, green, cyan, magenta, black and gray colors are then used in a
repeating sequence for the subsequent locations at 1 min intervals. The gray color represents the corresponding sequence of locations for the sub-cloud coherent

updrafts.
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1.0 PPide 1.0 consider a combination of both thermodynamic and dynamical forcings to

2 os g _ zgj (cloud) |, 5 8 have a more comprehensive representation of initiation (e.g., Xie et al., 2004).
ke 5 Therefore, it is of interest to test whether the mean strength and the buoyancy
g 061 o 6% of the sub-cloud coherent structure are indeed important factors for cloud

SOZ é initiation.
u% o4 70'42;5) Figure 9 shows the life-cycle-mean buoyancy (virtual potential temperature
E 0.2 02% perturbation, Figure 9a), vertical velocity variance (Figure 9b) and vertical
2l i velocity (Figure 9c) within the sub-cloud coherent structures that do and do
0.0, 30 7S ~ s . 00 not form clouds as a function of SCU lifetime. It is perhaps a surprise that the
Lifetime (min) mean buoyancy does not indicate whether a cloud will form from a sub-cloud

coherent structure, because the mean buoyancy is generally negative for all
SCU and the buoyancy of SCU associated with clouds is more negative than
that of SCU not supporting clouds (Figure 9a). However, both the variance

Figure 8. The frequency distribution of lifetime of tracked sub-cloud
coherent updrafts (SCUs), for a bin size of 5 min and subject to a minimum
lifetime of 5 min. The blue shading represents the distribution of all SCUs.

The red shading represents the distribution of the SCUs that lead to the and mean of the vertical velocity in the SCU associated with clouds are larger
formation of clouds. The black dashed line represents the proportion of than those not supporting clouds (Figures 9b and 9c), suggesting that
SCUs associated with cloud formation. continuous dynamical support from the SCU below is more important than

favorable local thermodynamic conditions for cloud formation.

However, the life-cycle-mean vertical velocity and variance can not be viewed as precursors for the initiation of
clouds. To see whether these SCU variables might provide useful predictors for cloud formation, Figure 10 shows
the vertical velocity, variance and buoyancy within the sub-cloud coherent structures when clouds form. The
differences in vertical velocity for most lifetime bins are not significant enough to distinguish the SCUs that do or
do not lead to clouds (Figure 10c). The initial vertical velocity variance for the SCUs associated with clouds is
generally larger than that for the SCUs not supporting clouds, except when the lifetime of SCUs is between 20 and
25 min (Figure 10b). The initial buoyancy again does not have useful information to predict the cloud formation as
it is larger for SCUs that do not produce clouds, regardless of the sign of the buoyancy (Figure 10a).

To establish why the SCUs that form clouds do not have favorable buoyancy, we examine the initial relative
humidity perturbation (Figure 11a). It is found that the initial relative humidity perturbation of the SCUs that
support cloud formation is clearly larger than those that do not, indicating that such updrafts are moister but must
be colder (since warmer updrafts together with higher relative humidity would imply larger buoyancy, in
contradiction with Figures 9a and 10a). It should be noted that the negative buoyancy of cloudy SCUs shown here
is mostly due to the averaging over the entire sub-cloud coherent structures. The buoyancy within the SCUs
should be positive in the lower part because most of the SCUs are driven by positive buoyancy from surface
energy fluxes. The negative buoyancy come from the upper-part of the SCUs. Some SCUs (duration between 10
and 30 min) have positive buoyancy but do not support clouds, probably because of lower relative humidity
resulted from high temperature (see Figure 11a).

Although the initial vertical velocity of SCUs is not a good predictor for cloud formation, its rate of change at the
initiation time turns out to be a favorable factor. Figure 11b shows that for all the sub-cloud coherent structures
with lifetimes longer than 5 min, the initial change of mean vertical velocity is positive for the SCUs that lead to
cloud formation while it is negative for the SCUs that do not support clouds. The stronger mean vertical ac-
celeration of these updrafts is also accompanied by more rapid growth of SCU volume. Figure 11c shows that the
initial volume change is significantly larger if a sub-cloud coherent structure favors cloud formation, regardless of
its lifetime. In short, a sub-cloud coherent structure is more likely to support cloud formation if it is initially
dynamically faster growing with more rapid mean vertical acceleration. In addition to the dynamical condition,
higher initial relative humidity, rather than the buoyancy, also favors the formation of clouds from sub-cloud
coherent structures.

6. Cloud Lifetime

After the formation of cloud, how long it will last plays an important role in determining heat and moisture
exchanges between the free troposphere and the boundary layer. As shown in Figure 5, longer-lived clouds have
stronger cloud-base mass flux over most of the lifetime, suggesting that the cloud lifetime is connected to the
dynamical support provided by the associated sub-cloud coherent structure. This idea is confirmed by Figure 12a
which shows that cloud lifetime increases non-linearly with the life-mean cloud-base mass flux. The very short-
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Figure 9. Life cycle mean distributions of (a) buoyancy (K), (b) vertical velocity variance ((1/2)w'2; m? s=2) and (c) vertical
velocity (m s™!) of sub-cloud coherent updrafts (SCUs) that are (blue) or are not (red) associated with cloud formation. The
buoyancy is calculated as the perturbation of virtual potential temperature from the domain mean at each vertical level. The
buoyancy, velocity variance and vertical velocity of each SCU is calculated over the whole object and then averaged over the

lifetime.
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Figure 10. As in Figure 9, but for the initial rather than life-cycle mean properties of sub-cloud coherent updrafts.

lived clouds (less than 5 min) mostly have weak downward cloud-base mass flux. A non-linear increase of cloud
lifetime with cloud-base mass flux is consistent with Sakradzija et al. (2015), although their study focused on a
precipitating shallow convection case. Our results therefore provide extra evidence to generalize their power law
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Figure 11. As in Figure 10, but for the initial (a) relative humidity perturbation (%), (b) change of vertical velocity

1min_l) and (c) change of volume of sub-cloud coherent updrafts (number of grid boxes min™').

(ms~
empirical relationship between cloud lifetime and cloud-base mass flux for a different type of shallow convection,
supporting a unified treatment of cloud lifetime in mass-flux based parameterizations of shallow convection
(Sakradzija & Klocke, 2018), though the exact relationship remains elusive and needs further investigations.
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Figure 12. Scatter plots of (a) life-mean cloud-base mass flux and (b) vertical acceleration at the top of the associated sub-
cloud coherent updraft (SCU) at the time of cloud initiation, against cloud lifetime. The red dashed line is the fitted line for
lifetime (z) as a function of cloud base mass flux (m): = = a(m + 0.0009)’, for a = 1.015 x 1012, § = 3.85.

However, the length of cloud lifetime cannot be inferred from the cloud-base mass flux at the time of formation.
Recall from Figure 5 that values of the mean cloud-base mass flux in different lifetime groups at the beginning of
the cloud life cycle are indistinguishable. Further investigation (not shown) also indicated that both cloud-base
area and cloud-base vertical velocity at the time of cloud formation have little relationship to the maintenance
of cloud. Thermodynamic conditions, for example, the buoyancy at the time of formation, do not provide useful
predictive information either. It is plausible to hypothesize that cloud lifetime might be related to the development
of the sub-cloud updraft that is the precursor for a given cloud. With this idea in mind, we consider whether the
vertical acceleration of the sub-cloud coherent structure at cloud base at the time of cloud formation might capture
the potential for future dynamical support from sub-cloud layer. Although the scatter is large, Figure 12b shows
some correlation, with larger vertical acceleration from the sub-cloud coherent structure favoring longer future
cloud lifetime. The results here suggest that measures of the development potential of sub-cloud coherent
structures could be a possible predictor for the length of cloud lifetime. Given the relatively large scatter and
uncertainties, further investigation of this possibility would require the analysis of a range of shallow cumulus
simulations and so lies outside the scope of the present study.

7. Summary and Discussion

Observations have shown that shallow cumulus clouds are related to the activities of sub-cloud coherent struc-
tures but the exact physical processes underlying the close connections between the two remain ambiguous, which
is one of the barriers to improve the parameterization of cloud-subcloud coupling in the numerical models (e.g.,
Albright et al., 2022; Maason-Delmotte et al., 2021; Sherwood et al., 2014; Vial et al., 2017). Comprehensive
understanding of the coupling between the shallow cumulus clouds and sub-cloud layer requires some knowledge
of the role of sub-cloud processes in the cloud life cycle. Using a high resolution large eddy simulation and object
tracking algorithms, this study takes a step forward to illustrate how sub-cloud energetic coherent structures can
govern the formation, development and dissipation of shallow clouds, as summarized in Figure 13.

It is well recognized that sub-cloud coherent structures do not always lead to the formation of clouds, but under
what conditions the sub-cloud coherent structures lead to cloud formation is not clear yet (Lareau et al., 2018;
LeMone et al., 2019). Our results suggest that the fastest growing coherent structures within a relatively moist
region, not the ones with most buoyancy, are more likely to overshoot the LCL and initiate the life cycle of a
shallow cloud. Short-lived clouds decay quickly after initiation, most likely due to a disconnection of the sub-
cloud coherent structure. The mid- and long-lived clouds go through a distinct development stage, with their
cloud-base TKE and mass flux increasing, consistent with the growing strength of the sub-cloud coherent
structure. The cloud top rises during this stage. These clouds are continuously supported from below until the sub-
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Mixed Layer \ | \ g \ \

Fast growing Detaching

Figure 13. Schematic diagram of the life cycle of shallow trade wind cumulus clouds in relation to the sub-cloud coherent
updrafts. Time moves from left to right through the diagram. Dark blue shading marks the ocean. Each pair of black curved
lines within the mixed layer represents a sub-cloud coherent updraft (SCU). The width of these curved lines represents the
strength of sub-cloud updraft. The white colors represent the clouds. Fast growing SCUs are most likely to trigger the
formation of clouds. The level of cloud base keeps steady as the cloud top quickly ascends during the development stage. The
cloud base starts to rise and the cloud top starts to lower after the SCU begins to decay and detaches from the lifting
condensation level. The cloud dissipates when the cloud top and cloud base approach each other. The horizontal black dashed
line marks the top of the mixed layer.

cloud structure becomes detached from the LCL. From this point the cloud base starts to rise and the cloud-base
mass flux starts to decrease. The rise of cloud base is a key signature to indicate the beginning of cloud dissipation,
after which the cloud top starts to lower. The cloud ends its life cycle as the cloud top and cloud base approach
(Heus & Seifert, 2013; Romps et al., 2021; Zhao & Austin, 2005a, 2005b). How long the shallow clouds last after
triggering is largely controlled by the life-cycle mean cloud-base mass flux, consistent with Sakradzija
etal. (2015). The vertical acceleration of the sub-cloud structure at cloud base is the metric from the initiation time
that we found most relevant for indicating future development and the length of lifetime, though the relationship
remains elusive.

Observations and high-resolution simulations have identified the critical role of SCUs on the evolution of
shallow clouds (LeMone & Pennell, 1976; Lareau et al., 2018; van Stratum et al., 2014; Wang et al., 2022)
but very few have provided a continuous framework to encompass the whole physical picture. To our best
knowledge, this study is the first to demonstrate explicit evidence to indicate how the life cycle of shallow
cumulus clouds is controlled by the sub-cloud coherent structures, continuously from the initiation to the
dissipation, providing insights toward improving the representation of boundary layer clouds for further
development of convection parameterization. It is suggested that the initiation of shallow clouds does not
depend much on whether the initial or life-cycle mean buoyancy of SCUs is positive. Dynamical support,
such as the initial vertical velocity variance, and the potential for vertical acceleration, combined with a
relatively moist region, are much more important to initiate a cloud. For a mass-flux based parameterization,
introducing the life cycle of clouds means that the time evolution of cloud-base mass flux is needed. The
simplest treatment is to assume a symmetric function with respect to the middle of the lifetime, as is
experimented with in previous studies (Sakradzija & Klocke, 2018; Sakradzija et al., 2015). This represen-
tation might not be universal for clouds with different lengths of lifetime. Our results suggest that the longer a
cloud lives, the later within the lifetime that the cloud ends its growing phase. Long-lived clouds do tend to
achieve the strongest cloud-base mass flux around the mid-point of their lifetime while mid-lived clouds have
their maximum cloud-base mass flux ahead of the mid-point of their life cycle. The idea of incorporating the
cloud life cycle can also be applied in spectral based convection schemes (Angevine et al., 2020; Neg-
gers, 2015; Neggers & Griewank, 2022; Olson et al., 2019), in which the clouds are sorted on their size.
Figure 5b shows that longer-lived clouds are associated with larger life-mean cloud area. This suggests that,
the asymmetric evolution of cloud-base mass flux for mid-lived and long-lived clouds can be achieved in a
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spectral scheme through including a dependence of cloud lifetime on cloud size. This study further suggests
that a lack of cloud at the LCL does not imply the death of a shallow cumulus cloud, which is rather manifest
as the approach of cloud top and cloud base. The clouds persist for a while after the rise of cloud base, but
before cloud-base mass flux has decayed to zero.

Finally, it should be emphasized that the BOMEX case investigated in this study is a non-precipitating
oceanic case. The results from the steady-state BOMEX case cannot necessarily be generalized to other
cases of shallow cumulus clouds with diurnal cycle and precipitation. BOMEX has relatively simple large-
scale forcing and cloud microphysics, and the basic character of the coupling elucidated between the sub-
cloud coherent structure and cloud life cycle may be expected to hold in other cases, although perhaps
modified in some ways. The effects of varying forcings or the interaction between dynamics and other
microphysical processes can be examined through extending the method developed in this study to analyze
other golden cases, such as ARM (A. R. Brown et al., 2002) and RICO (vanZanten et al., 2011), but this will
be left for future explorations. The methodology developed in this study can be easily extended to such cases.
Efforts are also needed to establish to what extent the results in this study can be generalized to shallow
clouds over land or to deep clouds when further processes (e.g., ice microphysics, topographic forcing)
become involved. Observational evidence is required to verify whether the pathway described for sub-cloud
coherent structures affecting the life cycle of clouds in a large-eddy model is a reasonable representation of
what happens in the real atmosphere. In addition to the sub-cloud and cloud interaction, J. Chen et al. (2023)
recently suggested that the cloud-cloud interaction can modulate the evolution of the life cycle of shallow
cumulus clouds in the U.S. southern Great Plains. Whether such interaction also exists between the sub-cloud
coherent structures and indirectly affects the cloud life cycle through the feedback on the cloud-cloud
interaction is of great interest and worthy of future investigation.
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