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Abstract Shallow convective clouds play a crucial role in Earth's energy budget, as they modulate the
radiative transfer in the atmosphere and participate in the vertical transport of aerosols, energy, and humidity.
The parameterizations representing these complex, vital players in weather and climate models are mostly based
on a description of steady-state plumes and are a source of major uncertainty. Recently, several studies have
shown that buoyant thermals are inherent in atmospheric convection and contain a toroidal (ring) vortex. This
work studies those vortices in growing shallow cumulus (Cu) clouds using high-resolution (10 m) Large Eddy
Simulations that resolve these vortices in much detail. Recent analysis of such data showed that small-scale
turbulent diffusion is unable to explain the large diluted portion of the cloud. Here we advocate for the important
role of the Cu toroidal vortex (TV) in cloud dilution and present the complex dynamics and structure of a Cu TV.
Nevertheless, since the vortex dominates the cloud's dilution, simplicity emerges when considering the cloud's
lateral mass flux profile. The cloud mixing is quantified using direct flux calculations and Eulerian tracers. In
addition, Lagrangian tracers are used to identify the origin of the entrained air and its thermodynamic properties.
It shows that most of the air entrained by the vortex is not recycled by the vortex, yet is significantly more humid
than the environment. We suggest that the development of new models describing thermals, together with their
toroidal vortices, might improve cloud parameterizations in weather and climate models.

Plain Language Summary Shallow convective clouds play a crucial role in climate as they transfer
heat in the vertical dimension and affect radiation transfer in the atmosphere. These clouds are much smaller
than climate models' resolution, and so they are represented by simplified equations in weather and climate
models (parameterizations). This simple representation of such important processes is one of the largest sources
of uncertainty in climate models. In particular, the process of clouds mixing with their dry surroundings is
known to have a large contribution to the uncertainty reflected by clouds in climate prediction. In this work, we
use high-resolution simulations of cumulus clouds to investigate the toroidal (ring) vortex that is located at the
top of a rising thermal (a known property of cumulus dynamics). We show that cloud-scale vortices dominate
cloud dilution and are at least as important as stochastic turbulent motions which are often considered in mixing
parameterizations. These ideas can serve for future parameterizations of shallow cumulus clouds in coarse-
resolution models.

1. Introduction

Clouds play an enormous role in Earth's energy budget, as their hydrometeors interact strongly with both solar and
terrestrial radiation (Allan, 2011; Trenberth et al., 2009). Cumulus clouds (Cu) also participate in the vertical
transport of mass from the boundary layer into the free atmosphere, redistributing gas tracers, aerosols, humidity,
heat, and momentum. Shallow Cu clouds act to precondition the atmosphere for deeper clouds' formation via this
transport (see Champouillon et al. (2023) and references therein). Inaccurate representation of shallow Cu clouds
was shown to cause errors in the modeling of deep convective systems, such as those related to the Madden-Julian
Oscillation and in the diurnal timing of the transition from shallow to deep convection over land (Rio et al., 2019;
Savarin & Chen, 2022). Shallow Cu clouds cannot be directly resolved in large-scale models (i.e., weather and
climate) due to their small size compared to the grid scale and are hence parameterized. Parameterizing such
complex and important players in Earth's energy budget induce high model sensitivity to the chosen parame-
trization scheme (and its parameters) and to large uncertainty in climate prediction (Klocke et al., 2011; Rio
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etal., 2019; Romps, 2016; Rougier et al., 2009; Tsushima et al., 2020; Villalba-Pradas & Tapiador, 2022; Zelinka
et al., 2020).

How Cu clouds mix with their environment and the mixing effects on clouds' microphysical, dynamical, and
morphological properties are burning questions in cloud physics (De Rooy et al., 2013; Heus et al., 2008; Khain &
Pinsky, 2018; Lim & Hoffmann, 2023). Convection is usually represented by transient bubble or steady-state
plume models (Romps et al., 2021). Yano (2014) presents an extensive overview of this discussion that goes
back to the 1950s. Most large-scale models today use the eddy diffusivity-mass flux parameterization (Arakawa
& Schubert, 1974; Kain & Fritsch, 1990; Tiedtke, 1989), which treats clouds as buoyant, steady-state, hori-
zontally homogeneous plumes that entrain environmental air from the sides by turbulent motion (De Rooy
et al., 2013). This is in contrast to numerous studies showing that Cu clouds consist of thermals (French
etal., 1999; Hernandez-Deckers et al., 2022; Heus et al., 2009; Romps et al., 2021; Zhao & Austin, 2005b), which
are transient parcels with a short lifetime of several minutes (Romps & Charn, 2015; Sherwood et al., 2013). Such
thermals will probably be better represented by a bubble model. Turner (1962) suggested a hybrid model called
the starting plume, representing a plume with a leading bubble cap. This concept, which has been mostly
overlooked in Cu parameterizations so far (Yano, 2014), was recently examined by Pinsky et al. (2022, 2023) and
shown to adequately represent liquid water content and vertical velocity of a growing shallow Cu inside a thermal
and in its trailing wake or non-stationary jet.

The steady-state assumption can be justified by considering that the parametrization aims to represent a cloud
ensemble (i.e., cloud field). However, assuming that clouds mix with pure (i.e., far) environmental air, leads to a
significant bias in the diagnosed bulk entrainment rate (even by a factor of 2) due to the humid surroundings of the
clouds (Romps, 2010). Another substantial deficiency in the convective parametrizations is the assumption of
horizontal homogeneity in the plume models. The interaction of thermals with other parts of the cloud and the
environment produces horizontal gradients and variability in cloud properties (as demonstrated by high-frequency
in situ observations, Gerber, 2000; Gerber et al., 2008; Konwar et al., 2021) down to a scale of tens of centimeters
(Lehmann et al., 2009). The horizontal gradients spread outside the cloud, forming a humid subsiding shell around
it (Heus & Jonker, 2008; Laird, 2005; Perry & Hobbs, 1996). Eytan et al. (2022) simulated single shallow cumulus
clouds in high-resolution of 10 m with a detailed representation of the microphysical process (spectral bin
scheme; Khain et al., 2004). They performed accurate quantification of the dilution state of different parts in the
clouds (according to Eytan et al. (2021)) and identified small undiluted volumes near the cloud top. These un-
diluted core fragments correspond to the idea of convective thermals and support the concept of bubbles. The
abovementioned findings are in agreement with the results and view suggested recently by Hernandez-Deckers
et al. (2022), who stated that thermals are the building blocks of convection.

Eytan et al. (2022) also demonstrated the existence of a narrow transition zone at the cloud edge (on a scale of tens
of meters) with sharp gradients in cloud microphysical properties. This zone, whose presence is further
corroborated by high-frequency in situ measurements (Gerber, 2000; Katzwinkel et al., 2014) and a theoretical
diffusion-evaporation toy model (Pinsky & Khain, 2018), suggests that turbulent diffusion by mixing can explain
only the intense dilution that occurs up to several tens of meters away from the edges and into the cloud. Arieli
et al. (2024) had recently used Lagrangian tracers to show how the cloud can be separated into three distinct
regimes: transition zone (cloud's skin), core, and periphery. This raises the question of what process generates
diluted volumes deep in the cloud. Pinsky et al. (2021) applied wavelet filtering to the same data set as (Eytan
et al., 2022) and developed a novel method separating the convective (cloud scale) and turbulent (smaller scale)
motions. They showed that many cloud properties could be explained by non-turbulent motions on the scale of
tens to hundreds of meters that can be represented using equations of advection (Pinsky et al., 2022).

A persistent feature of rising thermals is the toroidal vortex (TV) (i.e., ring vortex; Meleshko et al. (2012)), which
was documented in convective clouds by observations (Damiani et al., 2006; Wang & Geerts, 2015) and modeling
(Romps & Charn, 2015; Sherwood et al., 2013; Strauss et al., 2022; Zhao & Austin, 2005b). The TV was sug-
gested to play an important role in Cu dynamics and life cycle by greatly contributing to clouds' mixing with their
environment (Carpenter et al., 1998; Morrison et al., 2022; Vybhav & Ravichandran, 2022; Yano, 2014; Zhao &
Austin, 2005b). Recently, it was also suggested that the TV affects the microphysical cloud structure and biases
adiabatic fraction (AF) estimations near the cloud top and away from the undiluted core (Eytan et al., 2021). There
are some established analytical solutions to describe the TV (Hill, 1894; Meleshko et al., 2012), including a theory
for Cu (Levine, 1959). Recent studies advanced the understanding of a thermal TV (driven by buoyancy) and
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developed models to describe it (McKim et al., 2020; Morrison et al., 2021, 2022; Vybhav & Ravichandran, 2022;
Yano, 2023). A TV located near the upper part of an ascending cloud should detrain air at the cloud top and re-
entrain it from the cloud's sides at lower altitudes. Such a flow pattern can potentially bridge the gap between the
cloud-top versus lateral mixing theories (Heus et al., 2008) and explain some observations suggesting cloud-top
mixing (e.g., Paluch, 1979). We note that most of the studies of thermals and their accompanied toroidal vortices
either use simulation with relatively coarse resolution of 50—100 m that doesn't resolve some of the fine details in
space and time or are based on simplified toy models. All of the above suggest that thermals and their TV are good
candidates to be the bases of new parametrization schemes that might be more adequate at representing
convective clouds in large-scale models; such efforts have been recently made by Morrison et al. (2020) and
Pinsky et al. (2023).

This study uses high-resolution (10 m) simulations of single shallow Cu clouds with passive tracers to define the
structure and evolution of the TV and investigate its role in diluting and mixing the clouds with their environment.
The study is motivated to explain the appearance of large volumes of diluted air in a Cu cloud that cannot be
explained by small-scale turbulent diffusion and to paint a more vivid picture of the TV that appears in convective
moist thermals. How and on what scale can one define these vortices, what is their life cycle, how coherent they
are, and do they recirculate air at the top of an ascending Cu? The structure of the paper is as follows: Section 2
provides the simulation details and analysis methodology; Section 3 presents the methods used to define the TV
and its unique properties in Cu; Section 4 reveals the relationship of the TV to cloud dynamics and its effects on
the cloud surroundings, quantifies the contribution of the TV to mixing, and presents its effects on the internal
cloud structure; In Section 5, we discuss the potential of a well-established theory for thermals and their TV to
improve Cu parametrizations in weather and climate models.

2. Materials and Methods
2.1. Model Description and Simulation Design

The trade Cu clouds were simulated using the System of Atmospheric Modeling (SAM, Khairoutdinov &
Randall, 2003) with a grid spacing of 10 m and a time step of 0.5s. The sub-grid turbulence parameterization was a
1.5-closure scheme, as presented in Khairoutdinov and Kogan (1999). The model was coupled to a Spectral Bin
Microphysical scheme (SBM, Fan et al., 2009; Khain et al., 2004). The simulations were initialized using the
BOMEX case study setup, including the vertical profiles of the water vapor mixing ratio and potential temper-
ature with inversion at 1,500-2,000 m (Siebesma et al., 2003). The horizontal background wind was set to zero.
The convective motion was initialized by an instantaneous thermal perturbation shaped as a cylinder with a 500 m
radius and 100 m depth (from the surface). The perturbation magnitude decayed from the center toward the edge
as a cosine squared function, and random noise was superimposed on the perturbation to initiate turbulence. More
details of the simulations can be found in Eytan et al. (2021). Three different simulations were used in this study:
The first simulated cloud (upper row in Figure 1) was initiated with a temperature perturbation of 0.1 K at the
center. This cloud developed with one dominant updraft pulse (as will be shown in Sections 3 and 4). The second
simulated cloud (bottom row of Figure 1) was initiated with a weaker thermal perturbation of 0.01 K. Accord-
ingly, it appeared later but developed to be larger and lived longer. This cloud developed as multiple updraft
pulses (a succession of thermals). The third simulation was similar to the first one except for the random noise and
output frequency (2 compared to 30 s). This simulation was used for the Lagrangian particle analysis described
below.

2.2. Eulerian Tracers

For quantifying the dilution level in different regions of the cloud, we added two conservative scalars (passive
tracers) to the simulations as part of the initialization process. These tracers disperse in space and time by
advection and turbulent diffusion according to the sub-grid schemes. The first tracer was uniformly distributed in
the sub-cloud layer, from the surface up to 600 m (mean cloud base height). This tracer, which penetrated the
cloud through its base, provided an accurate measure for dilution. Throughout the paper, the tracers' mixing ratio
was normalized by the sub-cloud initial mixing ratio value. This normalized variable is referred to as c¢Tr, such
that ¢Tr = 1 indicates no dilution. Note that the absolute value of the tracer's mixing ratio is insignificant as it
doesn't affect the dynamics, and is always normalized by its initial value. A second tracer is an environmental
tracer (eTr), which was distributed initially in the cloudy and inversion layers between 600 and 2,000 m.
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Figure 1. Snapshots of two simulated clouds visualizing the toroidal vortex (TV). First row—a single-bubble cloud in its mature stage: (a) A 3D visualization of the
cloud's envelope. (b) A vertical cross-section of the sub-cloud tracer (cTr); the cloud edge is marked by a red contour (g, = 0.01 gkg™") and velocity arrows are in black.
A black circle marks the flow pattern of the TV. (c) Same as (b) but with a 3D filtered velocity field revealing the signature of the TV. The filter was a moving average at
asize of 410 X 410 X 50 m in the x, y, and z directions, respectively. (d) A vorticity field in the y direction with streamlines presenting the flow. Black contour is the cloud
edge. Second row—the same as the first row but for a cloud comprised of several bubbles during its growth stage (panels (e-h) correspond to (a—d), respectively).

Comparing the density values of the two tracers revealed that their mixing can be approximated as linear, such that
c¢Tr = 1 — eTr. Eytan et al. (2021) used such passive tracers to validate different AF calculation methods.
AF = %, where LWC is the liquid water content in gkg™", and LWC,,(z) is the amount of liquid water a parcel

would have if it was lifted adiabatically to an altitude z. In a non-precipitating cloud most of the deviation of LWC
from LWC,, would result from mixing with the environment. They found that one method was better than others
and yielded a good agreement between the values of AF and c¢Tr deep in the clouds (away from the cloud edge,
where evaporation acts as an additional sink for AF'). Using the optimal method from that study, we found that
away from the cloud edge, the difference between (1 — eTr) and AF was negligible, with a mean of 0.02 and a
standard deviation of 0.08; the median difference was 1075, Hence, in this work, for the sake of comparing the
fictitious tracers with the “real” and measurable AF, one can assume that AF =~ cTr ~ 1 — eTr. AF was shown to
determine the clouds' microphysical parameters (Eytan et al., 2022).

2.3. Lagrangian Tracers

An additional analysis performed in this work followed the trajectories of specific particles during the simulation
(Lagrangian tracers). Their trajectories were calculated off-line using the 3D wind velocity field according to
X = Xg + UéAt; where X' is the coordinate in the ith direction, subscript 0 denotes the initial coordinate and
velocity, and At is the time interval according to the model output rate (2 s in our case). The Lagrangian tracking
was also carried out using an improved Euler scheme (Siili & Mayers, 2003) that included the particle's accel-
eration using a sub-step that predicts temporal position and velocity (i.e., a second-order scheme). The difference
between the results produced by the two schemes is negligible, meaning that the chosen sampling frequency of 2 s
is high compared to the numerical time step (0.5 s) and the physical timescales, allowing the use of a first-order
Euler scheme. The velocity and other thermodynamic variables were linearly interpolated in 3D at the sub-grid
position. ~1.1 - 10° particles were released with a 10 m spacing in a square of 800 x 800 m? located around the
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cloud's center. The particles were distributed between the altitudes of 300-2,000 m at the beginning of the cloud's
lifetime (24 min of simulation). The definition of a tracer particle's entrance (or exit) to (or from) the cloud on a
discrete numerical grid demands a binary definition of the cloud and its edge (a threshold of liquid water mixing
ratio of 0.01 gkg™" was used in our case). Because there was some uncertainty regarding both the exact location of
the cloud edge (i.e., sub-grid location) and the particle's position, the entrance or exit to the cloud was defined only
when the distance to the cloud edge (DFCE; calculated as in Eytan et al. (2022)) was larger than the simulation
resolution (10 m). For more details see Arieli et al. (2024).

2.4. Lateral Mass Flux Estimation

A main part of this study was dedicated to the quantification of the entrainment mixing caused by the TV. It was
estimated by calculating the lateral mass flux (LMF) into and out of the cloud for each vertical level by taking the
following steps:

1. Determination of the cloud boundaries. The cloudy pixels for each vertical level were defined as those with
liquid water mixing ratio >0.01 gkg™'. Next, by using object detection according to pixel connectivity, we
removed small fragments not connected to the main cloud. Straight lines between the points delineated a
polygon of the cloud boundaries.

2. Defining the air velocity at the cloud boundaries. Interpolating the horizontal velocity and air density along the
flanks of the polygon (marking the cloud boundaries) according to the neighboring grid points. Subsequently,
obtaining the normal of the velocity vector to the cloud boundaries and calculating the fluxes at each point as
the product of the normal component of the velocity (u(x,y) . fz) and the air density (p,,))-

3. Summing the total flux per height level. Integrating the flux along the cloud edge length (/) to obtain the total
LMF into and out of the cloud (LMF) as

. kg
LME, = f Pleyeley.) * Adls (—) M

ms

Equation 1 is a direct local estimation of fluxes in and out of the cloud (i.e., entrainment/detrainment). Other
estimations of such fluxes were conducted before using different methods (Dawe & Austin, 2011; Romps, 2010;
Zhao & Austin, 2005b). Dawe and Austin (2011) presented a method that considers the velocity differences
between the air and the changing cloud edge, using sub-grid interpolation. Taking this into consideration, we
conducted a sensitivity test. Its results showed that the uncertainty in the definition of the cloud boundaries
polygon was larger than the errors introduced by neglecting the movement of the cloud edge. Therefore, we
neglected it in our calculations. The results in Section 4 show good agreement with the results of Zhao and
Austin (2005b) that used the continuity equation (comparing Figure 7 in their paper to Figure 5 here). Moreover,
Dawe and Austin (2011) showed that the importance of their method is reduced with increasing resolution (see
Figures 8 and 10 in their paper). We note that the spatial and temporal resolutions in our simulations were higher
than the Dawe and Austin (2011) study (10 compared to 25 m, and time steps of 0.5 vs. 1.5 s). The aim of using
LMF in this study was to capture the general behavior of mixing and relate it to the TV rather than provide an
accurate estimate of fluxes.

3. The Toroidal Vortex in Shallow Cumulus Clouds

Figures 1a and le presents a visualization of the first two clouds (setup description in Section 2.1). The first cloud
(upper row) is composed of a single updraft pulse driven by a dominant bubble. The second cloud (bottom row)
was initiated with a weaker thermal perturbation, which generated a wider cloud that lived longer and was
composed of multiple convective pulses. The second column in Figure 1 presents an x-z cross-section of c¢Tr
values along the center of the domain. The red contour marks the clouds' boundaries (liquid water mixing ratio of
g,=0.01 gkg™"), and the wind components in the x and z directions (« and w, respectively) are marked by black
arrows. The yellow regions in the clouds mark the undiluted parts. It can be seen that the core is wide near the
cloud base. It meanders and narrows with height until breaking into small core fragments, which can be regarded
as a manifestation of bubbles.

The mushroom-like shape of the cloud suggests the presence of a TV near its top. On one side of the cloud top, the
TV is easily revealed by a circular flow pattern, marked with black circles in Figures 1b and 1f. If the TV were a
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Figure 2. The toroidal vortex (TV) at different times and averaging scales. x-z cross sections of normalized vorticity (¢) fields with the velocity filtered in different scales
to show the dynamics of the vortex. Normalization was performed according to the maximal (minimal) value for all positive (negative) values, facilitating comparison
between the cross-sections. ¢ values decrease with filter size due to smoothing. Maximal ¢ in absolute values are 6, 1, and 0.3 s~! for the raw data, and filters 110 and
410 m, respectively. First row—The first cloud from Figure 1a during its growth stage at 31 min of simulation (11 min in the cloud's lifetime). The TV is clearly evident
at all filtering scales. (a) Original resolution of 10 m. Magenta stars mark the center of the coherent vortex. (b) Filtered with a 110 X 110 X 50 m moving average.
(c) Filtered with 410 X 410 X 50 m, as the third column of Figure 1. Second row—Same as the first row but for the cloud at 33 min of simulation, in its mature stage. The
left side of the cloud shows a coherent vortex (marked by a magenta star), while on the right side, it appears only when filtered in the horizontal vortex scale.

perfect ring vortex, it would be axisymmetric around the cloud top, and its other side would have a similar
counter-rotating vortex. This is not the case in Figure 1b, where a more complex pattern is observed. Filtering the
flow field in the right scale (taken here as half of the horizontal scale of the cloud) removes the turbulent noise and
extracts the “hidden” vortex. This is exhibited in Figure 1c, in which the flow was filtered by a moving averaging
filter with a horizontal size of 410 m and a vertical size of 50 m. Figure 1d shows the filtered vorticity field
overlaid with streamlines. The two fields clearly mark the location of the TV near the cloud top, where the
strongest vorticity and closed streamlines are found. Figures 1c and 1d suggest that the TV was generated by the
strong updrafts in the core that formed the curl and vorticity. The second row in Figure 1 presents the second
simulated cloud, which has a more complex structure. In Figures 1f—1h, we can observe the development of a
second turret (formed by another bubble) emerging on the left side of the highest cloud top (centered at x = 2,200,
z = 1,000 m).

Our high-resolution simulated cumulus cloud results demonstrated a more complex structure of a TV than an
axisymmetric ring vortex, as was also shown with direct numerical simulations of dry thermals (Lecoanet &
Jeevanjee, 2019). This difference will be discussed next; Cumulus cloud TV will be referred to as CuTV hereafter.
Figure 2 shows normalized vorticity () and velocity vectors of the first cloud presented in the upper row of
Figure 1 at three averaging scales for snapshots taken at two different time instants. The cloud appeared after
20 min of simulation time and reached its maximum development at 33 min. The upper row in Figure 2 presents
the cloud at 31 min of simulation (11 min in the cloud lifetime) during the growth stage, and the second row is at
33 min (the mature stage, at which the cloud reached its maximal top height). The first column (Figures 2a and 2d)
presents the wind and vorticity data at a 10 m resolution. In the second and third columns, the velocity field is
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Figure 3. Macro-physics of the toroidal vortex (TV). x-z cross sections of cloud macro-physical fields with a black contour marking the cloud edge (¢! = 0.01 gkg™"), a
magenta contour for the core (normalized sub-cloud tracer = 0.8), and black arrows representing the velocity field smoothed with a 410 m filter (see red arrow in panel
(a) for scale). First row—The first cloud (from Figure 1a) during its growth stage at 31 min of simulation. (a) Buoyancy—the driving force of the vortex. (b) Pressure
perturbation (PP) with a high anomaly on the cloud top and two low PP spots in the center of the vortices. (c) A normalized environmental tracer (eTr) inside the cloud
(high values indicate entrainment). The magenta arrow points to the region where the TV entrains air deep into the cloud. (d) The relative humidity anomaly compared to
the far environment profile. Second row—Same as the first row but for the first cloud at 33 min at its mature stage.

averaged in the horizontal direction with 110 and 410 m filters, respectively. Examining the flow patterns under
different averaging scales and at two different time points indicated interesting CuTV dynamics. At 31 min in
simulation time, the cloud was still in the developing stage. A clear structure of the TV was present on both sides
of the cloud (magenta stars mark the vortex center), in the raw velocity field (Figure 2a), and in the averaged
velocity fields (Figures 2b and 2c). This was not the case when the cloud reached its mature stage 2 minutes later.
At 33 min, the TV was evident only on the left side of the cloud (marked by a magenta star), demonstrated by the
10 m resolution data, as shown in Figure 2d. Averaging the flow with a 110 m filter shows that the right (red) side
of the cloud consists of a few smaller-scale eddies (red ¢ spots, Figure 2e). Considering that 2 min earlier, this area
in the cloud was a large coherent vortex (as shown in Figures 2a—2c), suggests that the difference between
Figures 2b and 2e represents the stage of the vortex breakup into smaller vortices. Averaging on a larger scale of
410 m seems to recover the parent TV in the form of the mean flow. The dynamics of the cloud, thermals, and
CuTVs that are mentioned above are visualized in Movies S1 and S2.

Next, we investigated the forces driving the formation and evolution of the CuTV. Figure 3 presents a zoom-in of
the cloud and the CuTV at 31 and 33 min of simulation (top and bottom row, respectively) with black arrows
marking the wind field, averaged using a 410 m filter. Figures 3a and 3e present the buoyancy field with the cloud
core marked by a magenta contour of ¢7r = 0.8. The buoyancy was calculated as the deviation of the virtual
potential temperature from the sounding profiles used to initiate the simulation. The core of the cloud is warmer
than its surrounding environment due to the source of its air (lower levels) and latent heating. The buoyant region
of the cloud was characterized by strong updrafts that caused a horizontal wind shear (i%) that drove the CuTV.
Figure 3b presents the pressure perturbation (PP) field, which shows a positive anomaly at and above the cloud's
top, acting as an opposing force to the upward-moving air. This positive PP formed as the cloud pushed its way up
through the still air. Another interesting insight gained from the PP field was the two low-pressure spots located at
the vortex center (on both sides), in agreement with the flow field around them. These low PP spots are expected
to form in the center of a vortex and, thus, are markers of the coherent parts of the CuTV that are independent of
the velocity field filtering analysis. Here we note that the penetration of the cloud through the inversion layer at
1,500 m intensifies the vortex, nevertheless, it appears also below the inversion in earlier stages of the simulated
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Figure 4. Profiles of toroidal vortex (TV) entrainment estimators. (a) x-z cross-section of e7r inside the cloud at 33 min. Magenta arrow marks the entrainment region
driven by the TV. (b) The red curve is the lateral mass flux, peaking at the cloud-top detrainment zone and near the bottom of the vortex (same layer as indicated by the
magenta arrows in neighboring panels). Black hexagram points to the altitude of the maximal filtered updraft that represents the center of the vortex. The blue curve is
Entrained Tracer Depth (the mean eTr weighted by distance from cloud edge), illustrating where the tracer is entrained deep into the cloud, and the green curve is the
core (cTr > 0.8) area fraction ranging between 0 and 1 (corresponding to the bottom x-axis but dimensionless). (c) Same as (a) but on the y-z plane.

clouds and in another cloud realization constructed from a radiosonde measured at Hawaii (Heiblum et al., 2019)
with a higher inversion (see Supporting Information S1).

Examining the CuTV effects on the properties of the cloud and its near environment yielded interesting insights.
Figure 3c presents a cross-section of eTr inside the cloud during its growth stage. A narrow yellowish band at the
cloud edges indicating large eTr values showed that environmental air was mixed into the cloud throughout its
entire periphery. This edge region is the transition zone discussed in Eytan et al. (2022), and its formation can be
explained by diffusion of small-scale turbulent mixing (Pinsky & Khain, 2023). The location of the strongest
lateral airflow into the cloud (driven by the CuTV) is marked by a magenta arrow that also points to significant
penetration of environmental air into the cloud (as identified by hot spots of e7r). This penetration reached the
center of the cloud, causing the narrowing of the core and its breakup into small fragments in the upper part of the
cloud.

Figure 3d presents the deviation of the relative humidity (RH) near the cloud from the far environmental RH
profile. One can see that the horizontal divergence near the cloud top detrained cold and humid air (due to
evaporation) into the surroundings. It increased the RH above the cloud by ~10%. Previous studies suggested that
a humid subsiding shell driven by negative buoyancy forms around the cloud and decreases the mixing-
evaporation effects by isolating it from the environment (Heus & Seifert, 2013; Romps, 2010). Here, it was
shown that despite the humidification near the cloud top, the downdrafts outside the upper part of the cloud were
drier than the environment, as they originated in the drier layers above and were subject to adiabatic heating.
Moreover, Figures 3a and 3e showed that the outside air experienced downward movement despite its positive
buoyancy, probably because it was driven by the momentum of the CuTV and pressure gradient forces which in
this case are intensified by the penetration of the inversion. This portrayed a different picture from the common
paradigm depicting a humid-subsiding shell driven by evaporative cooling and negative buoyancy (Heus &
Jonker, 2008; Katzwinkel et al., 2014). Note that most in situ measurements are taken near clouds' tops. This
raises the question of whether the reported downdrafts near cloud tops in field campaigns are caused by purely
buoyancy-driven subsiding shells or whether they represent a part of the CuTV flow. We note that evaporation at
the cloud top, generating a subsiding shell, can support and enhance the CuTV. We do not present here the

EYTAN ET AL.

8 of 20



A )
NI Journal of Geophysical Research: Atmospheres 10.1029/20231D039493

AND SPACE SCIENCES

-1
Winax (M) Lateral flux (Ton m'1s'1) ETD Core fraction Cloud area (kmz)

2200 T T
: e

2000

1800

1600

~ 1400

N 1200 [

1000

800

*
1
1
I

600
b
400 ! . . ; : ; g ;
30 40 30 40 30 40 30 40
time (min.) time (min.) time (min.) time (min.) time (min.)
HET Tl HE EE—— ] [ EE—
10 1 2 3 -4 2 0 2 0 02 04 06 0 0.1 02 0 0.2 0.4

Figure 5. Entrainment estimators and the toroidal vortex (TV) in z-t space. The time evolution of the profiles presented in Figure 4. (a) Maximal filtered updraft (w,,,,)
in each vertical level. The dotted curve marks the cloud top, and a hexagram curve depicts the cloud's w,,, level. The filter size is 400 m on the horizontal and 50 m on
the vertical. (b) Lateral mass flux with the domain's w,,,, as a hexagram curve for estimating the ascent of the TV center. (c) Entrained tracer depth (ETD,)) is the
vertical profile of the mean e7r weighted by distance from the cloud edge. Red contours mark entrainment regions (marked in red) from panel (b). The contours exhibit
how the increased entrainment driven by the vortex is responsible for increased environmental air deep in the cloud. (d) Cloud core area fraction (core is defined at
c¢Tr > 0.8) with red contours as in panel (c) and a dashed black line representing the w,,, curve from panel (a) (hexagrams were removed for clarity). (e) Cloud area
profile.

max

temperature and specific humidity perturbation fields because the temperature perturbation field is closely pro-
portional to the buoyancy field in Figures 3a and 3e; the same is true for the specific and RH fields (Figures 3d
and 3h).

Eventually, examining the RH field (Figures 3d and 3h) showed the effect of the CuTV on the entrained air to be
qualitatively similar to the assumed effect of the subsiding shell. It is shown that the entrainment caused by the
CuTV is of humid air compared to the far environment as can be seen from the red colors of the entrainment
regions (see areas of magenta arrows in Figures 3¢ and 3g for example). This is quantified in the next section using
the Lagrangian tracers. The questions arising from the results in this section are: What is the contribution of the
CuTV mixing to the total mixing and dilution of the cloud? Does the CuTV recirculate the cloudy air detrained
from the cloud top back into the cloud? These questions are answered in the next section.

4. The Toroidal Vortex Role in Cloud Mixing With Its Environment

In this section, we quantify the cloud mixing using the method described in Section 2.4. Figures 4a and 4c show
two perpendicular cross sections on the x-z and y-z planes, at the center of the domain, for the first cloud in
Figure 1, during its mature stage (at 33 min). The colors represent e7r inside the cloud, where dark blue represents
the undiluted cloud core, and highly mixed regions are marked in yellow. The velocity field at a 10 m grid spacing
is marked by black arrows. Figure 4b presents the vertical profile of the LMF (red curve) as a measure of mixing
(see Section 2.4). The profile shows a large negative peak at the upper third part of the cloud, marking the
detrainment near the cloud top. This is the largest flux along the profile, in agreement with Zhao and Aus-
tin (2005b) and Dawe and Austin (2011). The profile also points to two inflow layers of environmental air into the
cloud (positive values); one just above the cloud base, around 700 m, and another at approximately 1,400 m. The
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entrainment level above the cloud base was observed in other studies and explained by Heus et al. (2009) as a
consequence of a weak inversion layer (convective inhibition layer) that lies just above the cloud base. The second
in-cloud flux peak (near 1,400 m) is intriguing, as the cross sections in Figures 4a and 4c suggest that this intense
influx can be explained mainly by a large-scale vortex, that is, the CuTV (magenta arrows are provided to guide
the eye). The upper part of the LMF profile presents the structure of the CuTV—bounded from above by a peak in
detrainment near the cloud top and intense entrainment from below. Such a profile agrees well with numerical
simulations of ring vortices (Sau & Mahesh, 2007) that showed good comparison to lab experiments (Gharib
et al., 1998). Observations (Damiani et al., 2006) and analytical ring vortex solutions (Hill, 1894) suggested that
the maximal vertical velocity should be found in the center of the vortex (a 3D ring vortex). In Figure 4b, we
plotted a black hexagram at the altitude of maximal vertical velocity (the original velocity field was filtered with a
410 m window, as in Figure 2f), and LMF = 0 (the LMF = 0 coordinate was chosen only for the presentation and
didn't have a physical meaning). This seems to approximate the center of the CuTV well. Figures 4a and 4c also
show an important relationship between the CuTV and the entrainment of environmental air deep into the cloud.
One can see that the magenta arrows, which mark the CuTV in-cloud flux, also point to the increased e7r region
inside the cloud. While the small-scale turbulent diffusive mixing increases e7r on the edge of the cloud, the
large-scale flow related to the CuTV entrains air deep into the cloud. In order to quantify this phenomenon and
relate it to CuTV, we calculated the Entrained Tracer Depth (ETD) as

N
DFCE;
ETD, =ZeTr,——N CE;
. SVDFCE;

2
where DFCE is the distance from the cloud edge as calculated by Eytan et al. (2022). It is the Euclidean distance
of each point in space to the nearest cloud edge point (with cloud volumes defined where liquid water mixing ratio
>0.01 gkg™!). Equation 2 is the mean eT'r of each layer weighted by its DFCE (i.e., horizontal depth in the cloud).
N is the number of cloudy points at each altitude, and i is the summation index. ETD exhibits higher values for
regions in the cloud in which environmental air penetrated deep into the cloud. The blue curve in Figure 4b is the
ETD,,, profile. It shows an almost linear increase from 0 to 0.4 up to z ~ 1,300 m, suggesting a constant dilution
rate of the cloud and its core at this layer. At z = 1,300 m, the altitude of the CuTV entrainment layer, a sharp
increase of 50%, is observed in ETD, which reaches its peak value (0.6) in less than 100 m. This value is almost
constant along the CuTV entrainment layer and then decreases with altitude back to zero. The relationship be-
tween the ETD and LMF and their co-location with the CuTV point to the dominance of the CuTV in the mixing of
a developing Cu. Another way to demonstrate the important role of the CuTV in mixing is by showing its impact
on the undiluted core of the cloud. The green curve in Figure 4b is the area fraction of the cloud's core as a function
of altitude, where the core is defined by ¢Tr > 0.8 (~eTr < 0.2). Note that it corresponds to the bottom x-axis but
that it is dimensionless. It shows that the CuTV entrainment level acts to reduce the core fraction to nearly zero
and explains similar profiles presented in Eytan et al. (2022).

Figure 5 shows the evolution of the profiles presented in Figure 4b for the same cloud by plotting the variables on
a z-t space (Hovmoller diagram) using a temporal resolution of 30 s Figure 5a presents such a plot for the maximal
filtered updraft per altitude (w,,,,) with a hexagram curve that marks the maximal updraft in the cloud. This curve
represents the movement of the CuTV's center, as in Figure 4b. Figure 5b presents the LMF and the cloud's
maximal updraft curve, as presented in Figure 5a. The CuTV circulation is demonstrated by a blue band near the
top of the cloud (a zone characterized by detrainment) and a red (entrainment) band just below the vortex center,
represented by the hexagrams. The vortex occupies the upper third of the cloud and ascends together with the
cloud top. Sherwood et al. (2013) explained this constant ascent of the cloud's top and CuTV as a balance between
the buoyancy and the PP gradient force acting as a drag force on the upward-moving cloud.

Figures 5a and 5b show one dominant bubble (thermal) as a pulse of updraft with its corresponding CuTV; as the
bubble dissipates and loses buoyancy, the cloud top begins to descend. While the first pulse reaches the inversion
(at 1,500 m), a second one arises (shown by a new maximal updraft above an entraining layer at # = 33.5 in
Figure 5b). The second updraft pulse and the decreasing cloud top converge around the inversion to form a strong
horizontal divergence (detrainment), as observed by the dark blue colors at the maximal altitude of the second
pulse. This strong detrainment rate was also described and explained similarly by Zhao and Austin (2005b) for
three representative clouds in a cloud field. Figure 5c shows the same plot for ETD with the entrainment regions
from Figure 5b marked by a red contour of LMF = 0.05 % It demonstrates how the air entrained by the CuTV
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Figure 6. z-t space of entrainment estimators for the second (multi-bubble) cloud. Same as Figure 5, but for a cloud realization comprised of several bubbles and their

corresponding toroidal vortices.

penetrates deep into the cloud. The ETD value rises to ~0.6 at t = 32 min and z = 1,300 m, which is the height of
maximal entrainment in Figure 5b. The imperfect match between LMF and ETD in Figures 4b and 5c probably
results from the fact that LMF measures entrainment on the cloud edge, while ETD measures entrainment deep in
the cloud. Hence, there is a delay in the ETD response, expressed by a delay in both time and vertical dimensions.

Figure 5d presents the undiluted core area fraction with the entrainment regions marked in red contour and the
domain's w,,,, by black dashed lines (hexagrams were removed for clarity). It demonstrates that the regions of
updraft pulses in Figures 5a and 5b (black hexagrams) can be characterized as relatively undiluted bubbles.
Notably, the correlation in altitude and time between w,,,, and the core area fraction is solid only up to the
inversion layer, while above it, the w,,,,, curve is located below the regions of high core area fraction. This seems
to mainly result from the filtering analysis that averages the updraft field in space. Plotting the w,,,, curve while
using a filter size smaller than 400 m yields a better agreement between the curve and the core fraction field—but
leads to a noisier curve (not shown). Figure 5d also shows how the entrainment caused by the CuTV (red con-
tours) acts to decrease the core size. The core decay corresponds to the end of the CuTV's life cycle since the core
and its strong buoyancy and updrafts are the generators of the CuTV. When the core dissipates, the source of
vorticity diminishes, and the CuTV eventually breaks down into smaller eddies and dissipates as well. Figure Se
presents the evolution of the cloud area's vertical profile. It is evident the CuTV, with its corresponding
entrainment/detrainment, controls the cloud's shape. In locations and times where horizontal divergence and
detrainment dominate, the cloud area increases, while the entrainment zones (red contours) decrease the cloud

area due to convergence and evaporation. This is another way to explain the mushroom-like shape of the cloud.

Figure 6 is similar to Figure 5 but presents the results for the second (more complex) cloud comprised of a
succession of bubbles (the 2nd cloud from Figure 1). Surprisingly, the simplified view of the CuTV holds also for
this more complex cloud. The only observed difference is the relationship between the cloud area and LMF
(which is weaker for the second cloud), probably due to the interaction between the different bubbles. In this case
of cloud realization (that started with weaker updrafts), two weak bubbles seemed to locally moisten the envi-
ronment and preconditioned the environment allowing the third bubble to reach a higher cloud top that is similar
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to the first cloud's top. This is demonstrated well by the vortex center curve (maximal updraft) in Figure 6b and by
the large area fraction of the core at high altitudes (Figure 6d). The comparison of the two clouds shows that in our
case, the cloud depth is controlled by thermodynamics and large-scale conditions (determined in the model by
prescribed surface fluxes, subsidence, and heating and moistening tendencies). Nevertheless, the clouds' lifetime
(see the x-axis) and width (see color-bar of Figure 6¢) are different in the two realizations. Hence, the initial
perturbation and the dynamics of the bubbles and their CuTVs also play an important role. Figure 6 also suggests
that the CuTV might explain the pulsating behavior of Cu that was observed and investigated in earlier studies
(Damiani et al., 2006; Heus et al., 2009; Moser & Lasher-Trapp, 2017; Zhao & Austin, 2005a). As the CuTV
erodes the undiluted core, it breaks it into smaller fragments. These fragments ascend and can be considered as
bubbles or thermals.

Experimental studies of ring vortices show that the ring vortex properties (and the injected fluid they dilute)
depend on the stroke ratio, which is the length of a column of fluid injected through an aperture, divided by its
diameter (Dabiri & Gharib, 2004; Gharib et al., 1998; Sau & Mahesh, 2007). Later studies have demonstrated that
the aspect ratio of perturbation, which is equivalent to stroke ratio, highly affect the spreading and dilution rate of
the thermal (Lai et al., 2015; Morrison et al., 2023). Note that an equivalent parameter in clouds should be closely
related to the cloud aspect ratio, but larger, due to the capping inversion that limits the cloud growth and
considering the continuous supply of updrafts coming from below the cloud base. Sau and Mahesh (2007) used
direct numerical simulations of TVs generated in the lab (Dabiri & Gharib, 2004; Gharib et al., 1998) to study the
important role of ring vortices in diluting a volume of fluid injected into a medium. They demonstrated that a
trailing fluid column is formed below the ring vortex, and the dilution efficiency of the fluid is reduced when the
stroke ratio exceeds ~3.5. They concluded that to maximize dilution efficiency, several pulses of ring vortices
with a small stroke ratio (i.e., aspect ratio) should be generated. Here we suggest that their conclusion implies that
the pulsating behavior of Cu clouds acts to oppose the vertical transport of convective clouds with a high aspect
ratio by increasing dilution efficiency.

The next question to be answered is whether the CuTV recycles the cloudy air back into the cloud. In other words,
what fraction of the air entrained by the CuTV originated from the upper parts of the cloud? Since the Eulerian
framework treats all air as a bulk, we turned to the Lagrangian tracers (described in Section 2.3). The Lagrangian
analysis was conducted on a third simulation (i.e., realization) of a cloud in which the output data was recorded
every 2 s. The z-f space of LMF for this cloud is presented in Figure 7a and the CuTV's entrainment layer was
defined every 30 s as the layer of positive values of LMF around the maximal peak in the profile (represented by
two black lines marked in Figure 7a). The trajectories outside the cloud for all Lagrangian tracers that entered the
cloud in those layers were analyzed. They were separated into “cloudy tracers” if they exited the cloud before re-
entering it, and “Environmental tracers” for the ones that entered the cloud for the first time. The difference in
altitude was calculated for each tracer as Az = z;, — zo, Where z;, is the entrance altitude, and 7, is the exit altitude
for cloudy tracers and the initial altitude for environmental ones.

A total of 11,281 tracers entered the cloud in the chosen layer, but many of them showed a small Az and a short
lifetime before re-exiting the cloud or a small lifetime in the environment before re-entering. This behavior does
not fit the structure of the CuTV and was attributed to small-scale turbulent motions, such as the mixing process at
cloud edge that forms the thin transition zone. These turbulent motions were disregarded from the analysis by
excluding tracers with Af < 1.5 min between re-entering or re-exiting the cloud (Appendix A supports the choice
of this threshold). Figure 7b shows the histogram of Az outside the cloud for the 8,996 analyzed tracers. 92% of
the tracers were identified as “Environmental,” and only 3.7% were “Cloudy” with Az < 0 (which is expected
from the flow pattern created by the CuTV). This means that only 3.7% of the particles represent air that was
recycled by the CuTV. We note that while the downdrafts outside the cloud were in the order of —1 ms™"
(Figure 3a), the vortex ascended at a rate of ~3 ms™' (according to the gradient of the vortex center in Figure 5a).
It follows that the tracers' Az values should be smaller than the real size of the vortex ~400 m and equal to or
larger than zero in absolute values (see Figure A1 in the appendix). 42% of the tracers that entered the cloud in the
entrainment layer (at the lower part of the CuTV) were found to originate below the entrainment altitude (Az > 0).
Including the tracers affected by small-scale turbulent motions in the analysis (i.e., by not using the time-scale
threshold) yielded fairly similar shapes of the Az distributions (and RH, discussed below). However, the
“cloudy' tracers” portion increased to 18% with a corresponding increase in “Cloudy” tracers with Az <0 to 7.5%.
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Figure 7. Tracking the origin of air entrained by the toroidal vortex (TV). Analysis of Lagrangian tracer trajectories that entered the cloud at the entrainment layers
driven by the TV. (a) Same as Figure 5a for the cloud realization on which the Lagrangian analysis was conducted. Entrainment layers marked by black lines were
defined by the maximal entrainment in the profile and all other levels with a positive sign above and below it. (b) A histogram of the altitude difference for all particles
that entered the cloud in the layers marked in panel (a), separated into recycled tracers that re-enter the cloud (red) and environmental tracers (blue). (c) Same as (b) but
for the relative humidity of the air just before entering the cloud (i.e., the point with a distance of 10-20 m before the penetration into the cloud).

These intriguing results show that most of the air entering the cloud in the entrainment layer is a mixture of
environmental air with some older cloud remnants and was not recycled by the CuTV. It means that the vortex's
instantaneous image in the velocity field can be deceiving as a particle doesn't follow the streamlines. One
explanation could be that the changes in the velocity field were faster than a particle's lifetime in the vortex or the
time it took a particle to complete a considerable distance in the vortex. Another explanation would be that the
CuTV is part of a PP and flow fields that formed as the cloud developed, acting to increase the entrainment of
environmental air. This is partly shown in Figures 3b and 3f, where some of the arrows in the entrainment layers
originate from lower altitudes. Apparently, the low PP pattern built by the CuTV acts to suck environmental air
from the same altitude or several tens of meters below.

The Eulerian perspective in Figures 3d and 3h suggests entrainment of humid air, but it also shows that the air
detrained by the CuTV could be drier than its surroundings while descending. Hence, we turn to examine the RH
with which the entrained air entered the cloud. We interpolated the RH value in 3D at the position of each
Lagrangian tracer, just before it entered the cloud (at a distance of 10-20 m from the cloud edge, equivalent to a
few seconds of tracer movement). The histograms of RH values for the “Environmental” and “Cloudy” tracers are
presented in Figure 7c. It is shown that the “Cloudy” tracers enter the cloud with a median RH of 94%. Notably, in
such high RH conditions, homogeneous and inhomogeneous mixing are indistinguishable using the common
mixing model that is used in the study of the effects of mixing on microphysics (Baker et al., 1980; Lehmann
etal., 2009). The “Environmental” tracers comprising most of the data (92%) are drier than the “Cloudy” ones, but
nevertheless, show high RH values as well, with a median of 90%. These results show that despite the relative
drying of descending detrained air and the dominant entertainment of environmental air, eventually, the entrained
air is more humid than the far environment (with environmental RH decreasing from 90% at cloud base to ~80%
at the top of the cloud layer). Figures 3d and 3h suggests that this is due to the intense evaporation occurring on the
edges of the cloud at the entrainment layer, a region that environmental air that is entrained by the vortex has to
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Figure 8. Schematic picture of the structure of a growing cumulus cloud. As
the cumulus cloud grows, its undiluted core contains the highest updrafts,
with adiabatic thermodynamic and microphysical properties (light red).
Small-scale mixing at the edge of the cloud entrains environmental air by
turbulent diffusion and constructs the transition zone (light blue, 10s of
meters wide). This region is characterized by sharp thermodynamic and
microphysical gradients with weak updrafts and even downdrafts. A CuTV
is formed in the upper part of the cloud with strong detrainment flux from the
cloud top. The entraining part of the CuTV, located 100s of meters below the
cloud top consists mostly of environmental air from this level and below, and
the cloud's top layer (note that the width of the arrow indicates the partial
contribution to the entrainment fluxes). This air is mixed with the transition
zone's air and with the humid shell to some extent. The CuTV entrains air
deep into the cloud (illustrated by the blue blobs inside the cloud) to form
large diluted volumes (white region) and erodes the core into small core
fragments (i.e., bubbles).

cross and get mixed with. This brings up an interesting point regarding the
Lagrangian analysis. The Lagrangian particles are tracked using the velocity
field (and are defined as environmental from this point of view), nevertheless,
along the trajectory their properties (e.g., RH) are mixed with air that was
moistened by the cloud, hence they also hold cloud information to some
extent.

5. Conclusions

Despite decades of research, the process of mixing in cumulus clouds (Cu) is
still poorly understood. The questions it raises are important not only for the
cloud physics community that desires to better understand clouds; It is also
pivotal for weather and climate prediction, as the parameterizations of Cu
clouds and their mixing are one of the main sources of uncertainty in large-
scale models. Figure 8 gives a schematic picture of the cloud's structure
that arises from a compilation of this work with a few others (Arieli
et al,, 2024; Eytan et al., 2021, 2022; Pinsky & Khain, 2023; Pinsky
et al., 2021, 2022).

5.1. Defining the Toroidal Vortex in Cumulus Clouds

In this study, we used high-resolution Large eddy simulations (10 m) to
investigate the TV that developed near the top of growing shallow cumulus
clouds (a vortex in the scale of 400 m in our case study of BOMEX clouds).
Such unique simulations enabled us to resolve the TV with great detail. The
TV of a cumulus cloud (CuTV) was shown to exist in previous studies by
observations (Damiani et al., 2006; Wang & Geerts, 2015) and modeling
(McKim et al., 2020; Romps & Charn, 2015; Sherwood et al., 2013; Zhao &
Austin, 2005b). The CuTV is more complex than a common ring vortex as it
spans a wide spectrum of turbulent scales and includes microphysical pro-

cesses that provide feedback on the dynamics (mostly by latent heat release, Morrison et al., 2021; Vybhav &

Ravichandran, 2022). Moreover, part of the complexity is due to the nature of a convective cloud ascending in a

varying medium (e.g., decrease in pressure and inversion layers) with a highly turbulent background. In this

study, we demonstrated how the detection and definition of CuTV depended on the scale of analysis and the stage

of the vortex and cloud life-cycle. During the early stages of cloud development, the CuTV appeared as a clear and

coherent structure. As the cloud develops into its mature stage, the vortex starts to break down into smaller

vortices that dissipate at various times and lose its coherent structure. Nevertheless, low-pass filtering (e.g.,

moving average) enables the recovery of the “parent” coherent vortex. Hence, during the dissipation stage, the

CuTYV is not an axisymmetric 3D feature (like a common ring vortex), but rather a statistical feature. This life-

cycle of the CuTV can produce complexity when describing the dynamics of the cloud top ascent and its mix-

ing (Figure 2). Differences between a basic ring vortex and the CuTV were also shown in recent work by Pinsky

et al. (2023) that compared a Cu cloud simulated as the clouds analyzed in this work, with a Hill vortex solution

(Hill, 1894). They found that while several properties were comparable, others held biases. Nevertheless, when

estimating the mean AF (a measure of cloud mixing state) of the ascending bubble vortex, they obtained a value of

0.4, which is in remarkable agreement with laboratory experiments (Dabiri & Gharib, 2004) and direct numerical

simulations (Sau & Mahesh, 2007) of basic ring vortices.

The CuTV is shown to ascend together with the cloud top at a constant velocity, demonstrating the strong link

between the two parts of a buoyant bubble (the cloud top and the vortex). This was presented in earlier works and

explained to be a consequence of a balance between buoyancy and PP gradient force (Romps & Charn, 2015;
Sherwood et al., 2013). Here, we point to the importance of the CuTV's feedbacks on those fields. While the
horizontal gradients in buoyancy and related updrafts are the sources of vorticity generating the CuTV, the CuTV

acts to diminish the undiluted buoyant core by entraining environmental air deep into the cloud, hence, elimi-

nating its own source. The CuTV is also driven by the PP above and below it, but at the same time, it generates

regions of low PP in its center (see Figures 3b and 3f). The location of these low PP volumes could serve as an
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indication of the coherent parts of the vortex. The low PP volumes may be an efficient tool for defining and
tracking the TV in 4D fields in future studies, in addition to the flow field filtering methodology used here.

5.2. The Role of the CuTV in Cloud-Environment Interactions

Section 4 established the important role of CuTV in cloud mixing with its environment. Direct calculations of the
lateral mass flux (LMF; see Equation 1) through cloud edges showed a strong outflow (detrainment) at the cloud
top and a dominant inflow (entrainment) several hundred meters below it. Moreover, the maximal average
(filtered) updraft (representing the center of the 3D vortex) was located between the two regions of entrainment
and detrainment. The LMF profile revealed that the complex structure of the cloud with its CuTV could be
represented in a simplified way by a 1D profile. In this profile, the top of the vortex (and the cloud) detrains air
while its bottom part entrains. An Eulerian passive tracer was added to the simulated cloud environment (e7r) to
be used as an accurate measure of the cloud dilution and mixing with its environment. A measure of the mean e7r
weighted by its horizontal distance into the cloud (ETD) was calculated for each vertical layer to show how deep
the eTr penetrated the cloud. The ETD profile agreed with the location of the CuTV influx layer, demonstrating
that the CuTV advected air deep into the cloud. The penetration of environmental air deep into the cloud acts to
erode the core and decrease the area fraction of the entire cloud. This is an important role of the CuTV as the core
is the source of the cloud's condensate and updrafts, dictating the vertical mass flux. The erosion of the core marks
the beginning of the cloud's dissipation stage and the end of the CuTV generated by the updrafts. This negative
feedback is equivalent to rain initiation in deeper precipitating clouds.

The simplified 1D structure obtained by profiles of different measures of mixing for a “single-bubble” cloud was
shown here to hold also for a more complex cloud consisting of several pulses (Figure 6). The pulsating behavior
of Cu was addressed in previous Cu dynamics and thermals studies (Damiani et al., 2006; Heus et al., 2009;
Morrison et al., 2020; Zhao & Austin, 2005a). Figure 6 suggests that this behavior could be explained by the
CuTYV evolution. The CuTV drives a strong and deep entrainment that erodes the undiluted core and breaks it into
fragments in the upper part of the cloud. The additional supply of undiluted cloudy air from below, with its
vertical momentum, forms a new convective pulse, generating a new CuTV that would eventually erode the core
again. This could explain the oscillating (pulsating) behavior. Simulations of lab-generated toroidal vortices
suggested that pulsating behavior is more efficient in diluting the injected fluid (Sau & Mahesh, 2007). These
results, combined with the description of the cloud's CuTV-core interaction from the paragraph above, suggest
that the pulsating behavior of cumulus clouds opposes the vertical fluxes of convection (i.e., injected surface air).

5.3. The Origin of Air Entrained by the Vortex

Finally, we explored the trajectories of Lagrangian particles that entered the cloud at the entrainment layer driven
by the CuTV (selecting only the trajectories that represented motions with a time scale of the CuTV). The analysis
showed that 92% of the particles that entered the cloud in the entrainment layer originated in the environment.
Only 4% of the entrained tracers originated in the cloud itself at higher altitudes (i.e., recycled by the CuTV, as
expected in a closed circulation vortex flow; see Figure 7). This means that most of the tracers did not follow
closed vortex streamlines, as displayed in a snapshot of the flow field. Apparently, the CuTV is part of a PP
pattern that forces surrounding air into the low-pressure region below the cloud top. These results further support
the well-accepted lateral mixing theory (Heus et al., 2008), but still maintain a possibility that the CuTV can
explain observed cloud-top entrainment and bridge the gap between the two theories of lateral versus cloud-top
mixing (see Figure Al). The cloud-top mixing theory suggests that most of the environmental air is entrained at
the cloud's top, followed by penetrative downdrafts (Paluch, 1979; Squires, 1958).

The humid subsiding shell drew the attention of many studies as it is suspected to isolate the cloud from its
environment. Here, we suggest that the downdrafts at the cloud edges are driven by two different processes: (a) a
subsiding shell driven by evaporative cooling and negative buoyancy on the cloud edges and (b) CuTV down-
drafts resulting from the vorticity field. While the downdrafts of the CuTV appear at the cloud top during its
growth stage, the subsiding shell appears during its dissipating stage and in the wake of the ascending cloud top
during the growth stage. Since many of the in situ airplane measurements are obtained near cloud tops, it is
reasonable to assume that the measured downdrafts (Katzwinkel et al., 2014) contributed to the subsiding shell are
actually a combined effect of the latter with the CuTV flow (note that 1D in situ measurements cannot resolve the
full 3D structure of the vortex). Nevertheless, the Lagrangian tracers showed that the effect of the CuTV on the
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entrained air is similar to the effect of the subsiding humid shell. Despite the relative drying of the descending air
(compared to the far environment) shown in Figures 3d and 3f, the air eventually becomes humid (with RH = 94%
for cloudy tracers) as it flows through the humid shell before it enters the cloud. The environmental air comprising
90% of the entrained tracers in those layers contains RH =~ 90% (more humid than the far atmosphere in the cloudy
layer). Note that the homogeneous and inhomogeneous mixing models commonly used to study the effects of
mixing on the droplet size distribution are hardly distinguishable in such high RH conditions, as the signal of the
different processes relies on evaporation. The effects of the CuTV on RH and results of earlier studies (Eytan
et al., 2021; Pinsky et al., 2023) suggest that the interaction between the CuTV and the microphysical processes
should be further studied. As an example, the 4% of the Lagrangian tracers that were recycled by the vortex can be
a source of processed aerosols with the potential of becoming rain embryos.

5.4. Implications for Cumulus Parameterizations

The parametrizations of convection and clouds in most weather and climate models today are based on a steady-
state and horizontal homogeneous entraining plume. Climate models show high sensitivity to these parameter-
izations (Klocke et al., 2011; Romps, 2016; Rougier et al., 2009; Tsushima et al., 2020), leading to high un-
certainty in climate prediction (Forster et al., 2021; Sherwood et al., 2014; Zelinka et al., 2020). Several studies
over the recent years revealed the important role of transient thermals in atmospheric convection (Hernandez-
Deckers et al., 2022; Moser & Lasher-Trapp, 2017; Romps & Charn, 2015; Sherwood et al., 2013; Zhao &
Austin, 2005b) and some have already made attempts to construct the corresponding parametrizations (Lev-
ine, 1959; Morrison et al., 2020; Pinsky et al., 2023; Yano, 2023). An important part of thermals is their
accompanied TV studied here.

The results of this study show that the CuTV plays a dominant role in the mixing of a growing Cu with its
environment. These results are encouraging since the CuTV is more deterministic and coherent than the stochastic
turbulent motions assumed to govern the mixing process today. Hence, thermals and their accompanied CuTV
have the potential to serve as a basis for simplified models (parametrizations) of convective clouds and their
mixing processes. Most studies of thermals and CuTVs are based on theory and models. Thus, more effort needs
to be focused on observational studies, including both expansions of used techniques (Damiani et al., 2006; Wang
& Geerts, 2015), and the development of new methods.

Since climate research and prediction seem to be hampered by large uncertainties stemming from cloud pa-
rametrizations, it is important that while the community is working on fixing and improving the current pa-
rametrizations, new directions, and theories will be examined. Physics-based novel approaches will improve our
understanding of clouds and their role in weather and climate. Hence, they can be used for improving physics-
based parametrizations or be incorporated into new data-driven methods, all for advancing weather and
climate predictions.

Appendix A: A Simple Model to Estiamte the Scales of the CuTv in Time and Space

The Lagrangian analysis performed here to check what portion of the particles was recycled by the CuTV, used
certain thresholds. The equations below estimate the CuTV's motion scales in time and space to support the
argument of the expected small Az for particles recycled by the vortex (see Figure Al below.) and to justify the
threshold chosen to screen out turbulent motions. Assuming a particle trajectory outside the cloud begins at the
top of the vortex and ends with its entrainment back into the cloud at the bottom of the vortex. Taking wy, as the
vertical velocity of the ascending TV and its entrainment layer, w;, as the velocity of the Lagrangian particle
detrained from the cloud (note that it's negative as the particle is descending), and /7, as the diameter of the vortex,
we obtain the following:

lTV = AZTV - AZL,; = AI(WTV - WL]J) (AI)

I
At=—1 (A2)
(wry — WLp)

l
AZLI’ = WLPA[ = WLPﬁ (A3)
P
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Figure Al. Schematic of the cloud and CuTV evolution. The schematic visualizes the expected small Az, as found by
Equation A3. As the cloud grows from left to right, the parcel moves along the trajectory determined by the CuTV. The
Magenta dot represents the location of the parcel in each time step. The magenta square represents the position on the vortex's
trajectory in the next time step (denoted as #,), considering only the velocity of the parcel relative to the cloud top. The
difference between1, and t, is caused by the movement of the ascending vortex and the difference between ¢, and £, | is caused
by the absolute velocity. The red dashed line is the location of the parcel that stays constant in time when the cloud's top velocity
is equal to the downdraft in the CuTV.

Taking wy,, to zero will give a lower bound on Az;,, with no vertical displacement of the detrained particle. A
stationary vortex with wyy, = 0 gives an upper bound for Az;, as we obtain that the displacement is equal to the
length of the vortex. In our analysis, we cleared all trajectories with smaller lengths and time scales than the scale
of the vortex in order to avoid particles caught in the small-scale turbulent regime near the cloud edge, hence
going in and out of the cloud. Assuming wyy & 3%, wy, & — 1% and /7, & 400 m (see Figures 3a and 5a for the
chosen scales), yielded a Az;, ¥ —100 m and a Ar = =1 % min. Therefore, we chose to limit our analysis to
trajectories with Az > 1.5 min. The normalized distributions of Az and RH have not changed significantly when
choosing the thresholds of Az > 1 min.
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